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ABSTRACT 
Hexagonal boron nitride nanosheets (BNNS) is one of the most widely studied two-
dimensional (2D) materials these days, due to their extraordinary properties and 
potential applications. For example, BNNS has been proposed as an ideal substrate for 
graphene based electronics because of its ultra-flatness and structural similarity to 
graphene. The synthesis of large-area, homogeneous, and few-layered BNNS, 
however, remains challenging. Among the various synthetic routes, atmospheric 
pressure – chemical vapour deposition (AP-CVD) is preferred on the grounds of its 
cost effectiveness and its ability to yield large-area BNNS from a single run. 
Maintaining the homogeneity and crystallinity of the nanosheets over a large surface 
area requires fine-tuning of variables in the AP-CVD procedure to their ideal levels. 
 
Copper has been widely used as a catalyst for the growth of BNNS. A comparative 
study of BNNS growth on solid and melted copper confirms the advantages of melted 
copper. On the solid copper, the BNNS is largely inhomogeneous and tends to adopt a 
multilayered tetrahedral shape along the defects, while on the melted copper surface it 
is single crystalline over several microns, with the majority of nanosheets being mono- 
or bi-layer thick. This difference is likely caused by the significantly reduced and 
uniformly distributed nucleation sites on the smooth melted surface, in contrast to the 
large amounts of unevenly distributed nucleation sites that are associated with grain 
boundaries and other defects on the solid surface. 
 
Pretreatment to remove the residual hydrocarbon from ammonia borane, the most 
commonly used precursor, is necessary to remove the carbon contamination found 
during the growth. In addition, flattening the copper and tungsten (chosen due to good 
wettability of the liquid copper) substrates prior to growth and slow cooling around 
the copper melting point facilitate the uniform growth of BNNS. This is the result of 
a minimal temperature gradient across the copper substrate. Confining the growth 
inside alumina boats effectively minimizes etching of the nanosheets by silica 
nanoparticles originating from the commonly used quartz tube. The CVD grown h-
BNNS on solid Cu surfaces adopts AB, ABA, AC´, and AC´B stacking orders, which 
are known to have higher energies than the most stable AA´ configuration. Electron 
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energy loss spectroscopy (EELS) was found to be effective in determining the number 
of layers by means of the energy loss near edge structure (ELNES) of the N edge and 
by core loss edge quantification. These findings are instrumental for the fabrication of 
high-quality BNNS via CVD and would motivate studies on the stacking order 
dependent properties and performance of BNNS. 
 
Compact nanoscale devices require ultra-thin coatings for protection. Hexagonal 
boron nitride has high thermal and chemical stability, is electrically insulating, and the 
hexagons are considered to be impermeable to water and oxygen. The reactivity of Cu 
in different environments with the presence of few-layered BNNS was therefore 
examined. Accelerated reaction of Cu directly below BNNS towards water was 
observed compared with oxygen, which was unexpected considering the chemical 
stability and insulating properties of BNNS. Density functional theory (DFT) 
calculations demonstrate that water dissociates spontaneously between the single 
BNNS layer and the Cu(111) support promoting the formation of Cu oxide underneath 
the BNNS. X-ray photoelectron spectroscopy (XPS) and EELS analysis studies reveal 
that there is no change in the chemical states of B and N atoms, indicating that h-BN 
catalyzes the reaction between Cu and water. Once fully covered by BNNS, Cu 
experiences a dramatically slowed reaction under salt water compared with bare Cu, 
which is likely due to the impermeability of the hexagons with respect to the ions. The 
efficacy of protection is closely related to the quality of the BNNS, where defects such 
as domain boundaries and wrinkles are detrimental. Future improvement in protection 
by BNNS lies in the minimization of defects or their patching up with protective 
atomic filler.  
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Chapter 1  
 
Introduction 
Dimensionality is an important feature for many materials. The material properties can 
be altered if one of its dimensions is significantly reduced, down to the scale of a few 
atomic layers. Upon nanosizing, quantum confinement comes into effect, and some 
exceptional properties are displayed, which are quite contradictory to those in the bulk 
form. For example, graphite, when thinned down to its physical limit (1 atomic layer 
thick), can act as ballistic charge carriers.1 MoS2 turns from an indirect to a direct 
bandgap semiconductor in its monolayer form2. Boron nitride nanoribbons with zigzag 
edge termination can show metallic behavior, while bulk boron nitride is insulating.3  
 
The first reduced dimensional material (zero-dimensional) is fullerene synthesized in 
1985.4 Later on, in 1991, the one-dimensional (1D) carbon nanotube was synthesized, 
which is one of the most studied materials in this research arena for the last two 
decades.5 Following the invention of 1D carbon nanotube and 0D fullerene, the only 
missing part in the reduced dimensional family was two-dimensional (2D) materials. 
The research in this field was limited, possibly due to the assumption of the 
environmental instability of 2D materials. Although there were several reports on the 
synthesis of 2D materials from the early 1960s6–8, the field did not gain enough 
attention until the discovery of graphene and other 2D materials in 2004 that were 
produced by micromechanical cleavage.9   
 
Over the last decade, there has been an exponential increase in 2D materials research. 
Graphene occupies the largest portion of research output in the world of 2D materials 
(Figure 1a). This is attributed to the exceptional properties of graphene, which 
primarily include ballistic charge carrier mobility (> 200,000 cm2V-1s-1), excellent 
mechanical strength, remarkable thermal conductivity, etc.1 The other 2D layered 
materials include hexagonal boron nitride (h-BN), transition metal dichalcogenides 
(TMD, including MoS2, WS2, MoSe, WSe, etc.), transition metal oxides,
10,11 and the 
 
2 
 
buckled atomic crystals denoted as ‘Xenes’ (silicene12, phosphorene,13,14 and 
germanene15). In addition, there may be another 500 2D materials, yet to be 
discovered.16 Although there is vibrant research going on in the field of graphene, the 
research on the other 2D layered materials is still in its nascent stage, and significant 
developments are necessary to explore their properties and to utilize their potentials in 
practical forms. 
 
1.1 Motivation, prospective applications, and challenges 
2D materials have shown outstanding properties that make them the materials of 
choice for future semiconductor and flexible nanoelectronics. Examples of such 
anticipated flexible nanoelectronics applications are shown in Figure 1b.17 The 
necessity of ultra-thinness, transparency, flexibility, and energy efficiency in these 
applications have put the use of 2D materials at the forefront. Nevertheless, 2D 
materials are unable to support themselves due to their atomic scale thickness, while 
the use of conventional bulk substrates as supports drastically reduces their 
performance. For example, the simple act of putting graphene on top of SiO2/Si 
substrate causes scattering of the electrons due to the dangling bonds and roughness of 
the SiO2 surface, which, consequently, considerably reduces its carrier mobility.
18 
Using h-BN as a support, which is sp2 bonded, atomically flat, devoid of dangling 
bonds, and an insulator has been proven to improve the transport properties of 
graphene, to at least one order of magnitude better than on SiO2/Si substrate.
18,19 A 
significant number of publications followed later on, using h-BN as a dielectric layer 
in graphene-based transistors.20–23 In a recent study, a flexible transistor made of MoS2, 
h-BN, and graphene heterostructures has been demonstrated.24 Therefore, to realize 
the future graphene-based nanoelectronics applications, development of all the related 
2D materials at the same time is indispensable.      
  
In this thesis, the synthesis of h-BN nanosheet (BNNS) and its structural 
characterization have been carried out. The major challenges in 2D h-BN research are 
as follows: developing a large-scale production method, growing impurity- and defect-
free nanosheet, maintaining large-scale homogeneity and single crystallinity, and 
controlling the stacking orders during the growth. The properties will vary 
considerably if any of these imperfections is not avoided. Also, defect, impurity, and 
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crack free transfer of the grown material to other substrates needs significant attention 
for successful integration of BNNS into heterostructures with other 2D materials. The 
chemical vapour deposition (CVD) method has proven to be the only effective 
technique for large-scale synthesis of BNNS. The necessity of optimizing a large 
number of CVD growth parameters often makes the synthesis challenging, however. 
 
Figure 1.1: (a) Illustration of contemporary 2D materials. (b) Potential applications of 
2D materials in flexible smart systems. Adapted from Ref17. 
 
1.2 Thesis structure 
In this chapter (Chapter 1), the significance of 2D materials research and the standing 
of BNNS in relation to this context are introduced. The major challenges in BNNS 
growth are also summarized.   
 
In the next chapter (Chapter 2), the relevant information on BNNS structure, growth, 
and characterization are summarized. Most up-to-date top-down and bottom-up BNNS 
growth processes are discussed, while importance is given to outlining the various 
substrate treatments, choice of substrates, CVD growth mechanisms, and transfer 
processes in the CVD route of BNNS growth.  
 
In the experimental section (Chapter 3), the BNNS growth process, conditions, 
transfer techniques, and characterization instruments and parameters adopted in this 
work are described. The electrochemical characterizations that were carried out to 
determine the corrosion resistance of Cu substrates with and without the presence of 
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BNNS coating are explained. The parameters that were used for high angle annular 
dark field − scanning transmission electron microscopy (HAADF-STEM) image 
simulations and density functional theory calculations to determine the oxidation 
mechanisms of Cu substrate in the presence of BNNS are also presented. 
 
In Chapter 4, melted Cu facilitated atmospheric pressure (AP) CVD growth of large 
and few-layer BNNS is reported. Large micron-sized single-crystalline BNNS growth 
was observed on melted Cu substrate compared to the nanocrystalline domains on solid 
Cu substrate. Also, the substrate and temperature dependence of the growth is 
explained in detail.  
 
Chapter 5 is a continuation of the previous chapter, where the BNNS growth on 
melted Cu substrate is improved by flattening the Cu and W substrate foils prior to 
furnace insertion, slow cooling through the Cu melting point temperature, and 
pretreating the commonly used precursor. In addition, the stacking orders of the CVD 
grown BNNS are analysed and a method to identify monolayer and few-layered BNNS 
based upon electron energy loss spectroscopy (EELS) near-edge fine structure analysis 
of the N edge is discussed.  
 
Chapter 6 provides details of systematic studies on the reactivity of Cu with the 
presence of BNNS in water, oxygen, and air. The mechanism of Cu surface oxidation 
in the presence of BNNS is explained by density functional theory (DFT) calculations. 
Moreover, the anti-corrosion performance of Cu substrate in the presence of BNNS is 
examined.  
 
The summary of this thesis work and potential future work directions are presented in 
Chapter 7. 
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Chapter 2  
 
Literature review 
2.1 Structural information on boron nitride  
Boron nitride atomic orbitals can be either sp2 or sp3 hybridized, thus producing several 
crystalline forms. It forms hexagonal (h) and rhombohedral (r) lattices via sp2 
hybridized bonding and forms cubic (c) or wurtzite (w) lattices via the sp3 hybridized 
bonding configuration. Among all of these, h-BN and c-BN are the most stable and 
widely available. c-BN has been synthesized under high pressure (> 5 GPa) and high 
temperature using h-BN powders. c-BN is considered the second hardest material after 
diamond.25 In addition, both p and n-type doping can be carried out on c-BN, which is 
very difficult to achieve in diamond.26,27   
 
Apart from sp2 hybridized crystalline h-BN and r-BN, two other less ordered sp2 
configured allotropes, amorphous (a)-BN and turbostratic (t) BN, can form during the 
synthesis of h-BN and r-BN. a-BN appears due to structural disorder introduced at the 
atomic level. Therefore, a-BN is completely disordered h-BN and is very unstable in 
air, reacting with water (moisture) in the environment to form boric acid, boric oxides, 
and hydroxides.28 t-BN, on the other hand, forms due to a fault in the c axis orientation 
of the h-BN layers (less or no ordering between the basal planes in subsequent 
layers).29 Most of the time, the interlayer spacing in t-BN is larger than those of h-BN 
and r-BN, and thus, only in-plane ordering of atoms is possible in t-BN. This type of 
BN has also been reported to be unstable after long storage in air, forming ammonium 
borate compounds (NH4B5O84H2O).
30  
 
2.1.1 Structure of hexagonal boron nitride nanosheet 
Hexagonal boron nitride nanosheet (BNNS) has an atomic-scale honeycomb lattice 
with in-plane hexagonal arrangements of boron and nitrogen atoms. Due to the 
remarkable structural similarity with graphene (bond length and interlayer distance), 
single layer hexagonal boron nitride is also called ‘white graphene’. The structural data 
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for graphene and BNNS are shown in Table 2.1 or comparison. There is a significant 
difference in the electronegativity between the boron (2.04) and nitrogen (3.04) atoms. 
Therefore, the boron nitride bond is slightly ionic in nature, and as a result, there is a 
lip-lip interaction between the neighboring layers of boron and nitrogen atoms in 
addition to the van der Waals forces between the layers. 
 
Table 2.1: Comparison of graphene and BNNS structural parameters. 
 Graphene BNNS 
In-plane lattice 
parameter 
a = 0.246 nm  
(In-plane alternative C-C bond) 
a = 0.250 nm  
(In-plane B-B or N-N bond) 
Nearest neighbour 
distance/bond 
length 
0.142 nm (C-C bond) 
0.144 nm  
(In-plane B-N bond) 
Interlayer spacing 0.335 nm 0.333 nm 
 
Like the carbon allotropes of graphene, carbon nanotube, and fullerene, h-BN can form 
BNNS10, BN nanotube31, and octahedral BN fullerene32. In additions, various h-BN 
morphologies, such as nanoribbons3,33, nanoplates29,34, nanowires35, nanofibers36, 
nanoropes37, nanocups38, nanofunnels39, nanomikes39, microbelts40, and BN foams41, 
have been reported.  
 
The 2D h-BN can be either zigzag or armchair edge terminated (Figure 2.1). From first 
principles and density functional theory (DFT) calculations, the armchair edge 
termination for h-BN nanoribbon has been found to be more energetically favorable 
than the zigzag edge termination.42–44 On the other hand, the nitrogen terminated 
zigzag edge is more favorable than the boron terminated one grown on Cu substrate, 
thus producing equilateral triangles during the growth.  
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Figure 2.1: Schematic representation of 2D h-BN nanostructure. Adapted from Ref45 
 
Although h-BN is isostructural to graphite, there is a stacking order difference between 
these two materials. While graphite is a Bernal stacked (AB) structure, h-BN favors 
AA´ stacking (boron atoms on top of nitrogen atoms and vice versa). Nevertheless, h-
BN can have 5 more bi-layer stacking configurations, which are shown in Figure 2.2. 
In the AC stacking of h-BN, nitrogen atom sits in the middle of the hexagon in the 
second layer instead of the boron atom as in the AB configured h-BN (Figure 2.2).46 
Among these various orientations of h-BN, Bernal stacked AB/AC, similar to graphite, 
have been reported to be energetically favorable structures, in addition to the AA´ 
stacking for h-BN.47,48  
 
Figure 2.2: Six possible types of bi-layer h-BN stacking.  
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2.1.2 Defects in BNNS 
Defects in a 2D system can have more far-reaching effects than when present in its 
bulk counterpart. This is because the majority of atoms are in the surface in 2D 
materials, and perturbation of the surface atomic arrangements due to defects can 
change the overall properties of the 2D crystal. For example, the presence of Stone-
Wales (pentagon-heptagon pairs, 5/7) type line defects in BNNS can significantly 
lower the band gap.49 Also, defects have been assigned as the possible cause for the 
very low elastic and bending modulus in chemical-vapour-deposition (CVD) grown 
BNNS.50  
 
In 2D materials where mono- to few-layer cases are mostly considered, the term ‘grain 
boundary’ which is a three-dimensional entity, is often replaced with ‘domain 
boundary’. The line defects in a bulk crystal thus correspond to the domain boundary 
in 2D materials. A polycrystalline 2D material is thus made up of various domains 
connected along the domain boundaries. The main topological defects in the 2D 
material can be divided into three types: disclination, dislocation, and domain 
boundary. An example of these three types of defects is shown in Figure 2.3a.  
 
The Stone-Wales type defect, which is very common for graphene, was predicted to 
be energetically less favorable than the square-octagonal pair (4/8) line defects, due to 
the unfavorable homo-elemental bonding formations (B-B or N-N bonds) in the former 
case.51,52 In a recent study, however, through the density functional theory (DFT) 
calculations, both the 4/8 and 5/7 defects were predicted to be possible, depending on 
the tilt angles of the domain boundaries.53 The polar domain boundaries, involving the 
4/8 and 5/7 type defects, neutralize the net charge, being positive at B-rich edges and 
negative at the N-rich edges.53 The predicted 4/8 or 5/7 type defects have been 
experimentally confirmed by scanning tunneling microscopy (STM)49 and high-
resolution transmission electron microscopy (HRTEM) analysis54 (Figure 2.3d and 
Figure 2.3e-f respectively). The exact natures of the bonding elements in the domain 
boundaries, however, were unresolved. Nevertheless, the possible atomic 
configurations in the 4/8 and 5/7 type domain boundaries have been theoretically 
predicted for future experimental reference (Figure 2.3c).49 Among these various 
configurations, 4/8 type polar domain boundaries, including the less favorable B-B or 
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N-N bonds (Figure 2.3c, Type II), have been reported experimentally55, while the other 
configurations are yet to be confirmed.  
 
Figure 2.3: (a) Schematic illustration of three types of topological defects, taking the 
example of graphene: disclination, dislocation, and domain/grain boundaries. Adapted 
from Ref56. (b) Proposed 5/7 and 4/8 type dislocations in BNNS, consisting of B- and 
N-rich charged dislocation cores in the 5/7 types and neutral dislocation cores in the 
4/8 types. Adapted from Ref53. (c) Proposed domain boundaries in BNNS. Types I and 
II are made up of 4/8 type defects. Types III-V domain boundaries consist of 5/7 type 
defects having various stable arrangements of B and N atoms in those defects. Adapted 
from Ref49. (d) Experimental evidence of domain boundaries in BNNS, consisting of 
5/7 type defects, which has been confirmed by HRTEM analysis. Adapted from Ref54. 
(e) 4/8 and (f) 5/7 type defects in the domain boundaries of BNNS confirmed by STM 
analysis. Adapted from Ref49. 
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Other common defects in 2D material are the point defects. Especially in the case of 
BNNS, due to the presence of heteroatoms, the point defects can be either B/N vacancy 
defects or B/N-rich point defects (Figure 2.4).57 Predominantly, boron monovacancy 
defect formation has been observed in high-resolution electron microscopy (HREM) 
imaging of BNNS (Figure 2.4b-d).58 Synthesis induced atomic vacancy formation in 
the nanosheet has not been reported.   
 
Figure 2.4: (a) Point defects in BNNS. N- and B-rich atomic defects, are expressed as 
NB and BN, respectively, while N and B atom vacancy defects are expressed as VN and 
VB, respectively. Adapted from Ref
57. (b) HR-TEM image of vacancy defects in 
BNNS. (c) The modeling of B and N vacancy defects. According to this model, all the 
vacancies in (b) turn out to be B-rich vacancy defects. (d) Exit wave reconstructed HR-
TEM image of a boron monovacancy defect in BNNS. (e) Intensity profile along the 
line in (d). Adapted from Ref58. 
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2.2 Properties and applications 
2.2.1 Bulk h-BN  
Hexagonal boron nitride is a low-density material (2.1 g/cm3) with superior 
mechanical strength and elasticity. h-BN in its bulk form, has been widely used in 
many industrial applications. Some of its properties and applications in the bulk form 
are described below. 
 
h-BN has superb oxidation resistance up to 800 °C in air and is fairly stable up to 2400 
°C in nitrogen atmosphere.59 This is in stark contrast to graphite, which is essentially 
burned away beyond 600 °C in air. h-BN is not wettable by and does not mix with 
molten metals as an impurity. Due to its high-temperature oxidation resistance and 
non-wettability by molten metals, h-BN is widely used in high-temperature refractory 
applications, such as furnace and ladle linings, coatings, etc.60  
 
Due to its layered structure, h-BN has sliding properties and has a low coefficient of 
friction. This property has been utilized in the foundry industry, where it is used as a 
mold releasing powder and parting agents.60 h-BN powder can be used as a ‘dry 
lubricant’ because of its ability to maintain lubrication in both sub-zero and high-
temperature environments. This property makes it an essential dry lubricating agent in 
spaceships and satellites.  
 
Moreover, h-BN has found widespread application in the cosmetics industry. Relying 
on its good dispersion, sliding behavior, oil absorption capability, hiding 
characteristics (transparent under visible light), and good thermal conductivity, h-BN 
is used in cosmetics such as various forms of makeups: mascara, lipstick, and makeup 
pencils.60  
 
A neutron detector made of h-BN epitaxial layers has been demonstrated on the 
laboratory scale.61 10B, an isotope of boron, has high neutron detection efficiency. 
Compounds containing B4C and h-BN, mixed with a binder, have proven to have good 
potential for use as a solid-state thermal neutron detector.62 The results obtained using 
h-BN are better than with the widely used 3He gas detectors.61,62  
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h-BN is an insulator and has direct-band-gap energy of around 5.97 eV in its bulk 
form.63 The band gap of BNNS has been reported to be within 3.6-7.1 eV, however.63–
65 The discrepancies in the band-gap values in different reports are likely caused by 
the composition and the crystalline quality of the film. Carbon impurities66 and 
defects67 in the h-BN film can reduce the band gap, while a highly pure single-
crystalline h-BN sample showed a band gap value of 5.97 eV. h-BN has been used as 
an ultraviolet light emitter due to its large absorption of light in the far ultraviolet 
region.63 A handheld device was demonstrated utilizing the ultraviolet absorption 
property of boron nitride.68  
 
2.2.2 BNNS 
2.2.2.1 Substrate for nanodevices 
The sp2 bonded BNNS is atomically flat, insulating, and isostructural to graphene. The 
charge impurities and dangling bonds that are inherent to a silica substrate are 
completely absent in BNNS19 (Figure 2.5). In addition, only weak van der Waals forces 
are active when graphene sits on BNNS. Therefore, by using BNNS as a substrate for 
graphene instead of the conventional SiO2, the charge transport through graphene was 
improved significantly.19 This fact has emphasised the necessity of making large-area 
crystalline BNNS and improving the transfer steps needed to build BNNS-supported 
2D hybrid structures for ultrafast graphene-based electronics. In recent reports, BNNS 
has been demonstrated as a dielectric layer for the fabrication of graphene-based field 
effect transistors (FETs)21,69 and explored as a tunneling barrier between graphene 
layers.70 Moreover, BNNS supported flexible transistors have been reported, which 
hold promises for commercial applications of future nanoelectronics.24,71  
 
BNNS has been also used as an effective release layer for GaN-based devices.72 
Single-crystal h-BN can act as a buffer layer for the growth of nitride compounds. 
Later, the h-BN layer attached to the sapphire substrate was easily removed by 
mechanical force due to the weak van der Waals interaction between BNNS and the 
synthesized nitride compounds.72  
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Figure 2.5: Schematic illustration showing a graphene sheet (red) supported by SiO2 
substrate (left) and by BNNS (right). The corrugations, dangling bonds (inside dashed 
circle), and charge inhomogeneities that are inherent to SiO2 surfaces are absent in 
BNNS. Adapted from Ref19. 
 
2.2.2.2 Mechanical properties 
The elastic modulus of 1-2 nm thick BNNS has been theoretically and experimentally 
calculated (through the atomic force microscope (AFM) nanoindentation technique)  
to lie in the range of 184 to 510 N/m50,73, which is comparable to that for high strength 
steel, although much less than that of graphene (~1000 N/m).74 The bending of the 
nanosheet reached up to 70 nm in height for a 1 nm thick sheet, prior to final breakage, 
confirming the large out-of-plane flexibility of the BNNS.50 The experimental bending 
modulus, however, was much lower (8.8-16 N/m for 1-2 nm thick BNNS50), compared 
to the theoretical estimation (31.2 N/m)75, possibly because of the presence of a large 
number of defects in the CVD grown nanosheet.  
 
The low density, high strength, and large elastic modulus of BNNS help to improve 
the mechanical performance of polymer derived composites. Several polymers, 
including poly (methylmethacrylate) (PMMA), polyvinyl acetate (PVA), and 
polybenzimidazole, have been studied separately as matrices, with exfoliated BNNS 
acting as filler to improve the strength of the composites.76–80 Good dispersion, 
nanosheet strength and wrinkles, and partial polarity in the B-N bonds were suggested 
as the possible reasons for the improvement in mehcanical properties.78  
 
 
14 
 
2.2.2.3 Thermal conductivity 
h-BN has a highly anisotropic thermal conductivity, with its in-plane thermal 
conductivity calculated to lie within the 100-2000 W/mK range; while along the 
longitudinal direction, the value falls to only a few W/mK.81–83 The experimental value 
for 11-layer (11 L) h-BN was reported to be 360 W/mK (390 W/mK for bulk h-BN) 
and 250 W/mK in 5 layer h-BN due to the higher polymeric residue contamination.84 
The high in-plane thermal conductivity and insulating nature of BNNS have been used 
to prepare thermally conductive nano-oils containing BNNS nanofiller.85,86 The 
thermal conductivity of BNNS has also been utilized in polymeric composites to make 
highly thermally conductive composites.76,78,80 A 14-fold increase in thermal 
conductivity was observed in an electrically insulating epoxy/BNNS composite.87,88 
 
2.2.2.4 Optical Properties 
Few-layered BNNS is highly transparent, with transparency over 99% from the near 
ultraviolet to the visible light range (250 – 900 nm).50 Highly transparent, high strength 
polymer composite was fabricated using exfoliated few-layered transparent BNNS as 
a filler.76 At a very low concentration of functionalized h-BN (0.01 mg/ml) in 
tetrahydrofuran (THF) solution, the Tyndall effect was observed from scattering of a 
laser beam by BNNS.89  
 
Sharp absorption of BNNS is observed below 250 nm. For monolayer BNNS, the 
absorption occurs at ~200 nm wavelength, while for the few-layer BNNS, the 
absorption wavelength shifts to more positive direction.50 An exact correlation based 
on mono- to few-layer/bulk BNNS and its ultraviolet absorption phenomenon has not 
been reported, however. Monolayer h-BN has exhibited a relatively higher band gap 
(6.07 eV) than multilayer/bulk h-BN due to the absence of interlayer interactions.90  
 
2.2.2.5 Stability in air  
Similar to its bulk form, few-layered h-BN has been found to be stable in an air 
atmosphere at very high temperatures (up to 850 °C in air).91 Oxidation of monolayer 
h-BN starts at 700 °C, and it is totally burned out when the temperature reaches 800 
°C.91 In one report, 5 nm thick BNNS was reported to resist oxidation up to 1100 °C 
on Ni substrate and up to 500 °C on a Cu substrate in 300 mTorr oxygen atmosphere 
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for 30 minutes.92 Considering its honeycomb structure that is impermeable to small 
molecules, chemical inertness, high-temperature stability in air, and insulating nature, 
BNNS could be very stable at room temperature in air. However, oxygen reduction 
reaction at room temperature on top of nitrogen rich defects of the monolayer h-BN 
has been theoretically predicted.57 The large number of defects formed during the 
growth process thus makes it worthwhile to study the long-term stability of BNNS in 
a room temperature air environment.  
 
2.2.2.6 Chemical properties  
h-BN is inert to both strong acidic and strong basic solutions.93 Due to its inertness, it 
is difficult to functionalize94, while its counterpart graphite can be easily converted to 
graphene oxide through the Hummers95 and its modified methods.96 BNNS, having a 
pore diameter of only 1.2 Å in the hexagons97, has been demonstrated to be 
impermeable to argon atoms.98 Therefore, BNNS has a good potential to be utilized 
for anti-corrosion, where the thickness, aesthetics, and stability of the underlying 
substrate are important in a harsh environment. 
 
2.2.2.7 Sliding and frictional characteristics 
Its lamellar structure, weak van der Waals interaction between the layers, strong in-
layer bonding, high mechanical strength, chemical inertness, and stability from sub-
zero to very high temperatures have made h-BN a popular lubricating agent on the 
bulk scale.60 On the 2D scale, however, where the layer numbers are reduced from 
billions to a few tens, the tribological characteristics are yet to be fully discovered. 
With a view to incorporation in the microelectromechanical and 
nanoelectromechanical systems (MEMS and NEMS, respectively), BNNS has been 
studied both as a solid and as a liquid lubricant additive. As a solid lubricant on top of 
Cu substrate, mostly monolayer of h-BN is found to reduce the friction of  the Cu 
substrate by a factor of 40.99 As a liquid lubricant, dispersed mono- to few-layer thick 
BNNS in water was used to reduce the friction and wear of SiC ball bearings sliding 
on silicon wafer.100 Formation of tribofilms containing BNNS on the wear tracks was 
responsible for the improvement of the tribological performance of the dispersion.100  
Moreover, in-depth AFM studies considering mono- to few-layer 2D materials 
(graphene, h-BN, MoS2, NbSe2) have revealed an increase in friction at the tip-
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nanosheet interface when the layer number decreases.101 The low bending stiffness of 
the 2D material compared to its in-plane stiffness can cause the sheet to pucker when 
the tip approaches the sheet (Figure 2.6). These out of plane puckered regions 
contribute an additional barrier energy against tip sliding, contributing to increased 
friction for 2D materials with reduced layer numbers.101   
 
Figure 2.6: The proposed puckering effect in 2D materials (using graphene as an 
example), where the adhesion to the sliding AFM tip causes out-of-plane bending of 
the nanosheet, leading to increasing contact area and friction. Adapted from Ref101. 
 
2.2.2.8 Other properties 
With vertically aligned surface morphology, BNNS was found to be 
superhydrophobic, reaching a contact angle of 150° with water droplets.19 The ultra-
high surface area and aspect ratio of porous h-BN nano-belts have been utilized in 
hydrogen storage application.40 Recently, BNNS has been used as an effective water 
cleaning agent (taking advantage of its large surface area) to adsorb oil from an oil-
water solvent mixture.102 
 
Summarizing all the properties of BNNS, such as low density, high strength, large 
direct-band-gap energy, low dielectric constant (4.6), high thermal conductivity, 
resistance to high temperature oxidation, ability to act as a high ultraviolet emitter, and 
high resistance to wet chemical attacks in both acid and basic environments, more 
utilization of this material is expected in the near future; and it might be the next-
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generation material for electronic device fabrication and applications in harsh 
environments.  
 
2.3 Synthesis of BNNS 
Boron nitride cannot be found in nature and is a synthetic compound with some 
remarkable properties. h-BN was first synthesized in 1842 by the reaction of boric 
oxide and potassium cyanide.103 The commercialization of h-BN powders was initiated 
almost 100 years after its first synthesis. Nowadays, the most popular commercial 
method of synthesizing h-BN powders is by heating boric acid/boric oxide and an 
ammonia/melamine/urea mixture at 900 °C, followed by annealing at 1500 °C in N2 
atmosphere to increase the crystallinity of the powders:59,104  
B(OH)3/B2O3 +  NH3  → BN + H2O………………………….………………..  (2.1)  
B2O3 +  NH2 − CO − NH2  → BN + CO2 + H2O……………………………… (2.2) 
 
Interest in the synthesis of BNNS started immediately after the discovery of graphene 
in 2004. Nowadays, the most common synthesis route for BNNS is by chemical vapour 
deposition (CVD). A summary of the BNNS synthesis routes that have been generally 
adopted is provided in Figure 2.7.  
 
Figure 2.7: Commonly used methods for the synthesis of BNNS. 
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2.3.1 Top-down approaches 
For the top-down approaches, the nanosheet size and cleanliness is limited by the 
pristine powder size and purity.  
 
2.3.1.1 Micromechanical cleavage 
A simple piece of scotch tape was used to repeatedly peel off layered materials 
(graphite, BN, MoS2, NbSe2, and Bi2Sr2CaCu2Ox) down to mono- to few-layer 
nanosheets10. Novoselov and Geim first published the paper in 200510 after their report 
of the discovery of graphene in 2004 by the same method.9 The peeled-off 2D layered 
nanosheets were transferred to 300 nm SiO2 coated silicon wafers for visualization 
under an optical microscope.  
 
One of the primary advantages of this technique is the ease of stacking other layered 
materials with h-BN. Taking advantage of the ultra-flatness and high purity of the 
mechanically transferred BNNS, BNNS-graphene heterostructures were prepared, 
where obstruction and scattering of the conduction electrons through graphene was 
minimal at heterostructure interfaces. As a result, improved mobility was found in 
graphene lying on boron nitride substrate compared to that of graphene on SiO2-coated 
silicon substrate.19 Flexible field effect transistors (FFT) prepared using mechanically 
exfoliated BNNS and graphene have shown exceptional room temperature carrier 
mobility18,71,105 and flexibility.71 The cut-off frequency ratio approached near-unity 
(0.9) in these devices.71  
 
Instead of the direct peeling applied in the scotch-tape method, shearing forces were 
employed in the ball-milling process to exfoliate BNNS from bulk h-BN powders 
(Figure 2.8).106,107 Direct contact of the h-BN powders with the grinding balls can be 
avoided by carrying out the process in a solvent medium, which improves the 
efficiency of the process and the quality of the nanosheets.106 Ball milling without 
using a solvent generates a large numbers of defects and impurities in the 
nanosheets.108–110  
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Figure 2.8: Schematic illustration of two exfoliation mechanism in the ball-milling 
process, (a) peeling off layer-by-layer, and (b) crumpling of the sheets under a shear 
force in the ball-milling process. Adapted from Ref106.  
 
2.3.1.2 Sonication-assisted exfoliation 
Sonication in common organic solvents was found to be an effective route to overcome 
the van der Waals forces between the layers in highly oriented layered materials. An 
extensive study of sonication-assisted exfoliation was conducted by the Coleman et 
al., where they exfoliated h-BN, MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, 
and Bi2Te3 in a wide range of solvents, and the best 20 solvents for h-BN, MoS2, and 
WS2 exfoliation were identified.
11 The amount of nanosheet exfoliation and retention 
in the solvents was found to be dependent on the solvents’ surface tension value, and 
better exfoliation was seen for 40 mJ/m2. Several reports were published afterward on 
exfoliating BNNS by intercalating ions and compounds inside the layers.111–114 Molten 
hydroxides of NaOH and KOH were used to exfoliate h-BN powders down to mono- 
to few-layers BNNS by reaction, curling, cutting, and peeling mechanisms.115 Even 
water was found to be suitable for obtaining mono- and few-layer BNNS by sonication 
assisted hydrolysis of boron nitride bulk powders.116 Besides conventional solvents, 
BNNS were exfoliated in 1,2 dichloroethane solution of poly[(m-phenyl-enevinylene)-
co-(2,5-dictoxy-p-phenylenevinylene)]117 (1.2 mg polymer in 10 ml solution) by 
ultrasonication. 
 
Although BNNS are very inert towards acid and basic attacks, functionalization of the 
BNNS has been attempted to fully utilize its properties in polymer composites. Liu et 
al. used block copolymers [(P(S-b-MMA)), where PS is polystyrene, PMMA is 
methylmethacrylate and b represents the double block polymer], to interact with the 
exfoliated BNNS.118 The different solubility of polystyrene and PMMA in the block 
copolymer broadened the dispersion range of the nanosheets even where the Hansen 
solubility parameters were mismatched. For example, BNNS can be dispersed in 
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acetone and toluene using the block copolymers, although acetone and toluene are 
considered unsuitable for BNNS dispersion. In another work, BNNS were ball milled 
at high energy to incorporate mechanical defects. These defects were utilized to effectively 
exfoliate and functionalize the nanosheets by gold nanoparticles.119 Amine functionalized 
exfoliated stable BNNS dispersion in organic solvents and water was achieved using 
octadecylamine (ODA) for the functionalized molecules.89 Functionalization was 
achieved due to the strong Lewis acid-base interaction between electron deficient boron 
and electron rich amine molecules. In a recent work, oxygen radical functionalization of 
BNNS was also reported.94 Firstly, the exfoliated BNNS in N-methyl-2-pyrrolidone 
(NMP) were tertbutoxy functionalized using di-tert-butylperoxide reagent in a high-
pressure autoclave at 120 °C for 12 hours. In the second stage, tertbutoxy functionalized 
BNNS was reacted with piranha solution (H2SO4: H2O2, 3:1) to make hydroxyl 
functionalized BNNS. Nanocomposites prepared by the addition of 0.1% hydroxyl-
functionalized BNNS to PVA showed very high elastic modulus, strength, elongation, and 
toughness values compared to bare PVA and non-functionalized BNNS incorporated in 
PVA. All the properties were enhanced due to effective load transfer in functionalized 
nanosheets by cross-linking of hydroxide ions with PVA and nanosheets. 
 
2.3.1.3 Electron beam irradiation 
The micromechanical cleavage technique was used to create few-layer BNNS. Further 
thinning down to monolayer BNNS was accomplished under a high energy electron 
beam inside a TEM, where selective sputtering of B atoms was detected at 80 kV and 
120 kV operating voltages.58,120 After the initial boron monovacancy formation in the 
nanosheet, more nitrogen and boron atoms vacancies are created gradually, and the 
whole layer under the electron beam is gradually removed. Through this process, in-
situ monolayer BNNS can be achieved. With an HRTEM and exit wave (EW) 
reconstruction, it was possible to identify individual B and N atoms in HRTEM 
images.  
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2.3.2 Bottom-up approaches 
2.3.2.1 Chemical vapour deposition 
Chemical vapour deposition (CVD) is a synthesis technique used to grow a thin solid 
film from gas source precursors. The deposition occurs when the precursor in the form 
of atoms or molecules, or a combination of the two is adsorbed and then coalesces on 
a substrate. The sequential events in the CVD process are shown in Figure 2.9.121,122   
 
Figure 2.9: Sequence of events during CVD growth process.121,122 
CVD is a complex system to optimize for the desired outcome, as interrelationships 
exist among the large number of experimental parameters, process variables, and 
coating properties. A summary of all of these parameters is shown in  
Table 2.2. Schematic interrelationships among these parameters are shown in Figure 
2.10.  
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Table 2.2: Factors and properties in the CVD growth process123 
Experimental Parameters Process Variables Coating Properties 
1. Raw material 
2. Input gas composition 
3. Total flow rate 
4. Pressure 
5. Temperature 
6. Selection of substrate 
7. Substrate surface and 
environment 
8. Duration of deposition 
9. Precursor purity and 
decomposition temperature 
10. Precursor flow rate 
11. Cooling rate 
12. Experimental procedure 
1. Gas temperature 
2. Flow behaviour 
3. Mean gas velocity 
4. Gas chemistry 
5. Gas homogeneity 
6. Deposition rate 
7. Nucleation density 
1. Morphology 
2. Composition 
3. Thickness 
4. Density 
5. Uniformity 
6. Adhesion 
7. Crystallinity 
8. Stress 
 
 
Figure 2.10: Schematic diagram of the interrelationships among experimental 
parameters, process variables, and coating properties.123   
 
The synthesis of a thin film of h-BN by the CVD process can be dated back to the early 
1970s93 after the CVD process became popular for the preparation of thin film 
samples.122 Several reports were published afterwards, where micron-thick h-BN was 
prepared on various substrates.124–128 Single layer h-BN was first reported to be 
synthesized by CVD in an ultra-high vacuum (UHV) system in 1995.7,8 Due to the 
limitations of the UHV system and the complexity of the system, however, the 
synthesis of atomic-layer-thin h-BN did not gain enough attention until 2005.10 The 
CVD process became an important synthesis method later on due to the ease of 
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fabrication and capability to produce large thin films through low pressure (LP) - and 
atmospheric pressure (AP)-CVD synthesis routes.  
2.3.2.1.1 Precursors for BNNS synthesis 
One typical precursor for the CVD synthesis of BNNS is borazine (Figure 2.11a). 
Borazine is a toxic liquid, however, unstable in air at room temperature because it 
reacts with the moisture and often polymerizes to form solid polyborazylene.129 
Therefore, it needs to be stored in cold conditions under an inert atmosphere, which 
limits its use as a direct precursor for synthesis. One of the indirect precursors, which 
gives off borazine when heated and is more stable than borazine, is β-trichloroborazine 
(Figure 2.11b).130,131 The major drawback of this precursor, however, is the release of 
HCl gas when it is exposed to humid air, which is corrosive to the CVD fittings and 
equipment. Ammonia borane is another popular indirect precursor. Ammonia borane 
is air-stable, non-toxic, and easy to handle. Ammonia borane decomposes to borazine, 
along with hydrogen, polyaminoborane, polyiminoborane, diborane, and ammonia, at 
around 110 °C.132,133 The solid decomposition products from ammonia borane can be 
prevented from reaching the reaction zone by decomposing ammonia borane outside 
the CVD furnace with a valve-controlled gas flow and by using a filter.22,50,90,134–136 
Wang et al. developed an interesting chemical blowing process, where ammonia 
borane in a multistage heating process was converted into bubbles.137,138 At high 
temperature (> 1200 °C), these bubbles collapsed due to the release of the hydrogen 
trapped inside and formed BNNS.  
 
Apart from using a single source precursor, multi-gas source precursors also have been 
used for the synthesis of BNNS. For example, BF3, N2, and H2 have been used to 
synthesize vertically aligned BNNS by microwave plasma (MP)-CVD process.139–141 
The vertical alignment of the nanosheets on silicon wafers was likely induced by the 
electric field generated in the plasma sheath. The nanosheet thickness was controlled 
by varying the gas ratios. Due to the etching of the resultant BNNS by fluorine, the 
flow of hydrogen gas was adjusted to form HF in the system. Following a similar 
mechanism, BCl3, NH3, N2, and H2 gasses were used to synthesize BNNS.
142 Diborane 
and ammonia as two gas source precursors have been commonly studied for the 
synthesis of thin films of h-BN.93,124–128 These precursors were recently used in an LP-
CVD system to synthesize few-layer BNNS on Ni and Cu foil.143 BNNS grown on Cu 
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foil was found to be turbostratic, while crystalline BNNS with controlled thickness 
was found on Ni foil. As two-step precursors, decaborane and ammonia have been also 
used to synthesize few-layer BNNS.144 Decaborane was used to take advantage of its 
stability in air and easy sublimation between room temperature to 90°C, with no other 
decomposition products. In a three-step boration, oxidation, and nitration process, 
where BNNS was synthesized on Rh/yttrium stabilized zirconia (YSZ)/Si (111) 
substrate, B(OCH3)3 and NH3 were used as the boron and nitrogen source, 
respectively.145 Boration by introducing B(OCH3)3 gas, followed by oxidation (by 
introducing oxygen into the UHV system) brought the inner diffused boron to the 
surface and formed boron oxide on the surface of the Rh substrate. Flowing ammonia 
converted the thus-formed boron oxide into BNNS (Figure 2.11c).    
 
Figure 2.11: (a) Structure of borazine, (b) structure of β-trichloroborazine, and (c) 
synthesis of BNNS by three step of boration, oxidation, and nitration process.145 
 
2.3.2.1.2 Substrates for BNNS synthesis 
The growth of BNNS has been primarily carried out on transition metal substrates, due 
to their catalytic influence at high temperatures for easy adsorption of borazine. Beside 
the transition metals, BNNS growth has been also reported on Ge146, sapphire125,147, 
Si148 and SiO2 coated Si substrate.
149 A list of substrates that have been employed to 
grow BNNS are summarized in Table 2.3.  
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Table 2.3: List of substrates used as catalysts for BNNS growth.7,8,21,22,50,90,125,130,143–171 
Period 
Substrates for BNNS growth  
Group 
6 
7 8 9 10 11 12 13 14 Others 
3  
Si148,156 Cu-Ni 
alloy171, 
Sapphire125
,147, SiO2 
coated 
Si149 
4  
Cr170 
 
 
Fe165–
168 
 
Co160 
 
Ni7,8,130,1
43,150–153 
 
Cu21,22,50,90,144,15
1,157–159 
  
Ge146 
5   
 
Rh145,
169 
 
Ru161
–163 
Pd172 Ag154 
   
6    
Ir164 
Pt131,135,1
36 
Au155 
   
 
2.3.2.1.3 Theoretical studies of BNNS growth on transition metal substrates 
Like graphene, the most widely used catalysts for the BNNS growth are Cu and Ni. 
BNNS are reported to be strongly chemisorbed on Ni (111) and weakly 
chemisorbed/physisorbed on Cu (111).173–175 This is due to the strong hybridization of 
the Ni dz
2 orbital with N-pz and B-pz orbitals, while in the case of Cu, the hybridization 
energy is much less due to the filled d orbitals in Cu.173,174  Thus, the binding energy 
of BNNS grown on Cu/Ag/Au substrates is much smaller than that grown on Co/Ru/Ir. 
Theoretical calculations confirm that the binding energy decreases with the filling of 
the d band orbitals in the transition metals and is highest for the 4 d elements (i.e., 
Period 5 elements).174   
 
The positions of boron and nitrogen atoms on the Ni (111) surface were theoretically 
analysed.176 Boron atoms preferentially enter into the face centred cubic 
(f.c.c)/hexagonal close packed (h.c.p) hollow sites of Ni (111), and nitrogen sits on top 
of each Ni atom for the formation of stable corrugated BNNS on top of Ni (111).174,176 
The f.c.c position is slightly energetically more favourable (9 ± 2 meV/boron atom) 
for the boron atoms than the h.c.p hollow sites.176 In a later publication, the stable 
boron and nitrogen atomic positions on Co (0001), Ni (111), Pd (111), Pt (111), Cu 
(111), Ag (111), and Au (111) were established. B and N atoms on Co and Cu occupy 
the same atomic positions as was observed on Ni. On the other transitions metals, three 
boron and nitrogen atoms sit on the bridge sites and one of each atom sits on top of 
nitrogen alternatively to form stable h-BN (Figure 2.12a).   
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Figure 2.12: (a) Atomic positions of boron and nitrogen in a stable h-BN monolayer 
sheet on Co (0001), Ni (111), Cu (111) (Left image, 1×1 h-BN unit cell on top of a 
1×1 metal surface cell), and Pd, Pt, Ag, and Au (111) (Right image, 2×2 h-BN unit 
cell on top of a √3×√3 metal surface cell). Adapted from Ref175. (b) Energy vs lattice 
parameter plot, comparing equilibrium h-BN energy with h-BN sitting on other (111) 
oriented transition metals. Adapted from Ref174. (c) B-rich and N-rich triangles of size 
L = 10. (d) Total energy in a series of triangles shown as a function of their size L, red 
for B-rich and blue for N-rich. Adapted from Ref177. 
 
The lattice mismatch of Co (0001), Ni (111), and Cu (111) with h-BN is only 0.8%, -
0.4%, and 2.4% respectively [Lattice parameter of Co (0001) = 2.51 Å, Ni (111) = 
2.49 Å, Cu (111) = 2.56 Å, and h-BN = 2.50 Å]. This facilitates commensurate 
epitaxial BNNS growth on Co (0001), Ni (111), and Cu (111) surfaces. In contrast to 
these metals, there is a considerable lattice mismatch of h-BN with all the other 
transition metal elements, thereby forming non-commensurate corrugated nanomesh 
patterns on those elements. The Moiré periodicity generated by the lattice mismatch 
between the substrate and BNNS is calculated according to this formula174:  
 
𝑁BN  ×  𝐴BN  = 𝑁subs  × 𝐴subs……………………………………………………...…………………....... (2.3) 
 
Where, NBN = No. of unit cell repetitions in h-BN 
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 Nsubs = No. of unit cell repetitions in the substrate 
ABN = Lattice parameter of h-BN 
     and Asubs = Lattice parameter of the substrate 
 
As for example, Ru (111) and Rh (111) have almost the same in-plane lattice 
parameter, 0.271 nm and 0.270 nm, respectively. From Equation (2.4), it can be 
observed that 13×13 unit cells of BNNS coincide with 12×12 unit cells of Ru (111) / 
Rh (111). Therefore, the Moiré periodicity in the Ru (111) / Rh (111) lattice will be 
the length of the 13×13 unit cells of BNNS. Similarly on Pt (111), 10×10 unit cells of 
BNNS coincide with 9×9 unit cells of Pt (111). Therefore, h-BN will be more highly 
strained on the non-commensurate surfaces than on the commensurate ones (Figure 
2.12b).  
 
The growth of BNNS generally forms a triangular pattern on the transition metal 
substrates. This triangular nature of the BNNS can result in a chemically unbalanced 
state along the edges, i.e., either boron terminated or nitrogen terminated zigzag edges. 
From the theoretical calculations, it was found that nitrogen termination of the 
triangular BNNS is more favorable on Cu substrate than boron termination due to the 
lower edge energy formation by nitrogen terminated edges (Figure 2.12c).130 With 
increasing boron concentration, nitrogen-terminated triangular BNNS changes to 
truncated triangles or hexagons, having both boron and nitrogen terminated 
edges.159,178 In case of BNNS on Ni substrate, boron terminated edge structure can be 
energetically favorable.178 Experimental evidence, however, is yet to be reported for 
this case.  
 
2.3.2.1.4 BNNS on polycrystalline transition metal substrates 
Although much importance was given to commensurate and non-commensurate 
growth of BNNS on single crystal transition metals in the earlier studies, highly 
crystalline mono- and few-layer BNNS have been synthesized in recent years on 
mostly polycrystalline Cu, Ni, Fe, and Pt foils.135,136,144,150,179,180 As a result of the weak 
chemisorption and the polycrystalline nature of the foils, triangular BNNS islands 
having random orientations are often found during the initial growth stage on 
polycrystalline Cu and Pt.90,136,181 Even different orientations of the triangular BNNS 
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islands within the same grain of Cu have been observed, which is likely due to the 
weak interaction of the BNNS with the Cu substrate.90 In contrast, the BNNS islands 
grown on Ni and Ru substrates maintain specific orientations with respect to the 
substrates due to the strong chemisorption of BNNS on those substrates.130,163  
 
2.3.2.1.5 Pre-treatment of the substrate 
Commercially available rolled polycrystalline thin film (0.025 mm to 0.25 mm) foils 
are generally used to synthesize BNNS. These as-received foils are pre-polished prior 
to their introduction inside the CVD furnace to remove the oxide layer and organic 
contaminants from the surface. A short acetic acid wash has been found to be effective 
to remove the oxidized layer from the Cu surface.158 Acetone, isopropyl alcohol (IPA), 
and water rinsing are used to remove any organic substance contaminations.182 The 
most widely used technique, however, is to treat the Cu or Ni foils in dilute nitric acid 
for a very short period to remove the oxidized layer.50,183 Electrochemical polishing 
and Ar ion etching are the other substitutes for pre-polishing the foils before the 
synthesis step.184–188  
 
2.3.2.1.6 Mechanism of BNNS growth  
Ammonia borane currently is the most widely used precursor for the growth of 
BNNS.50,90,136,159,171,181 It is usually assumed that during the decomposition of 
ammonia borane at around 110 °C (or by the reaction of NH3 and B2H6/B10H14 inside 
the furnace at high temperature), borazine is formed and flows into the reaction zone, 
where it is adsorbed on the catalyst surface, diffuses and polymerizes on the surface, 
and is transformed to BNNS on the substrate surface by the dehydrogenation reaction 
at high temperatures.21,152,189 In addition, borazine itself can decompose into boron and 
nitrogen when it comes into the vicinity of the substrate.190 Boron has sufficient 
solubility in Cu at high temperatures (0.29 at% at 1013 °C191) to diffuse towards the 
Cu, while nitrogen atoms are expelled from the surface, considering the very low 
solubility of N in Cu. The rest of the boron and nitrogen flux in a 1:1 ratio forms BNNS 
on the substrate (Figure 2.13a). B atoms can be diffused back towards the substrate at 
high temperatures which in presence of nitrogen, form multilayer islands of 
BNNS.168,190 By pre-feeding the substrate (Fe) with nitrogen atoms (flowing NH3 at 
the beginning of the growth process), the diffusion of the boron atoms from the 
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decomposed Borazine can be restricted and island free, uniform monolayer growth of 
BNNS has been reported though this technique.168    
 
Figure 2.13: Schematic illustration of BNNS growth on Cu by the CVD process. Ji is 
the impingement flux of borazine, JB is the diffusion flux of B into the Cu substrate, 
JN is the diffusion flux of N out of the Cu substrate, and JB´ and JN´ are the flux of B 
and N atoms to form h-BN on Cu. Adapted from Ref190. (b) Three widely used thin 
film growth models, as a function of coverage θ in monolayer. (1) Volmer-Weber, (2) 
Frank-van der Merwe, and (3) Stranski-Krastanov growth models. Adapted from 
Ref192. 
 
The multilayer growth of BNNS is often explained by the three established thin film 
growth models (Figure 2.13b).8,90,158,162,192,193  If the atoms of the deposited material 
are much more strongly bounded to each other than to the substrate, island or Volmer-
Weber growth results (case 1: Figure 2.13b). In contrast, if the atoms are more attracted 
towards the substrate than among themselves, the growth occurs in a layer-by-layer 
manner, i.e., the growth follows the Frank-van der Merwe model (case 3: Figure 
2.13b). According to the Stranski-Krastanov growth model, the growth follows the 
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Frank-van der Merwe model first (layer-by-layer growth), and after that, the growth 
switches towards the island-like growth (case 2: Figure 2.13b). Most of the BNNS 
growth models have been explained with the Stranski-Krastanov model.8,90,158,162  
 
2.3.2.1.7 Transferring BNNS to arbitrary substrates  
Transfer of the CVD grown BNNS onto arbitrary metal substrates has been achieved 
with a support of PMMA/polydimethylsiloxane (PDMS)/thermal release tape/water 
soluble polymers.50,90,152,194–199 PMMA is the most widely used polymer, used to 
transfer the nanosheets (Figure 2.14).21,50,152,200 As the deposition occurs on both sides 
of the substrate, one side of the substrate is either cleaned using acid etching or with 
Ar ion sputtering. Then, PMMA is spin-coated on the upper side of the deposited 
BNNS on Cu/Ni and the underlying metal is etched away in FeCl3
21,144,159,201 / 
Fe(NO3)3
202 / transene21,180 / ammonium persulfate203 solution. The floating BNNS 
with PMMA is then scooped out to a silicon wafer for subsequent optical, Raman, and 
AFM analysis. PMMA can be removed by washing with hot acetone followed by 
Ar/H2 annealing at 350-450 °C for 2-4 hours. This transfer process, however, often 
leaves PMMA residue all over the sample. Heating at 500 °C under Ar/O2 gas 
atmosphere has been found effective for complete removal of PMMA residues from 
the BNNS.204 Also, the acetone washing step can be avoided by burning the PMMA 
coated sample in air at 350 °C for 3-4 hours, just after scooping from the solution.205 
Burning away the PMMA layers save several wet processing or cleaning steps and can 
avoid any unwanted contamination from washing with acetone or IPA. In a very recent 
work, electrostatic force has been used to transfer graphene from the Cu substrate using 
an electrostatic generator.199 Similar methods can be adopted to transfer the nanosheet 
to a TEM grid. Another widely used technique is the method used for direct graphene 
transfer to a TEM grid (Figure 2.14). The TEM grid is kept on top of the graphene/Cu 
foil and a few drops of IPA is added on the TEM grid to adhere it with the graphene/Cu 
foil interface. After etching the underlying Cu, the graphene sticks to the TEM grid 
and floats on the etching solution.196 This method can be also used for BNNS transfer 
to TEM grids.206 
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Figure 2.14: Two commonly adopted techniques for graphene or BNNS transfer to 
TEM grids. Adapted from Ref196. 
 
2.3.2.2 Physical vapour deposition (PVD) 
PVD is another bottom-up synthesis process, where materials are vaporized from a 
solid or liquid source in the form of atoms or molecules and are transported towards a 
substrate under a UHV/low-pressure gas (plasma) environment for deposition.207 The 
vapor generated from the source material is generally carried out by two techniques: 
thermal evaporation and sputtering. In the thermal evaporation process, the source 
material is heated up by a focused high energy electron beam to vaporize the material. 
Molecular beam epitaxy, a PVD process, is an advanced form of thermal evaporation. 
Sputtering is generally carried out by bombardment using accelerated gas ions 
(typically Ar+).  
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Radio frequency magnetron sputtering was employed on a boron target at 850 °C in 
Ar/N2 atmosphere to synthesize monolayer BNNS on Ru (0001). Single crystalline 
100 nm thick Ru (0001) film was prepared in situ on α-Al2O3 (0001).
161 Also, the 
pulsed laser deposition208 and molecular beam epitaxy209 techniques were employed 
for synthesizing BNNS on various substrates, including, Ni, Mo, Si, and AlN.  
 
2.3.3 Other processes 
Apart from the conventional bottom-up or top-down approaches, BNNS was 
synthesized by substitutional reaction of graphene.210–213 To synthesize the nanosheets, 
boron trioxide powders were covered with molybdenum oxide (to act as a promoter), 
and graphene sheets, and all those materials were put into a graphite furnace at 1650 
°C under flowing N2 gas.
210 BN and BCN nanosheets were synthesized. Oxidizing the 
as-obtained product at 600 °C lowered the carbon content in the sample, and high 
purity BNNS could be obtained. Further modification of the process by using diverse 
carbon sources (including any vegetation, fleabane flowers, pine needles, wiper 
papers, etc.) resulted in gram scale fabrication of BNNS.88 Epoxy composite using this 
gram scale BNNS filler demonstrated a 14-fold increase in the thermal conductivity. 
Alternatively, BNNS to graphene conversion was also possible by flowing methane 
gas over BNNS deposited on Pt at high temperatures.214 B and N atoms are believed 
to be etched away gradually to form BH3 and NH3 gases, while the vacant positions 
are immediately occupied by C atoms to make graphene.  
 
In another process, multiwalled boron nitride nanotube (BNNT) was unwrapped to 
make boron nitride nanoribbons.215 For the unwrapping process, previously 
synthesized multiwalled BNNT was first transferred to a silicon wafer. The top side 
was then spin-coated with PMMA. The PMMA/BNNT surface was then peeled off 
from the substrate in KOH solution. Under these conditions, the bottoms and sides of 
BNNT were coated with PMMA with one surface exposed, which was then plasma 
etched with Ar ions to open up the nanotubes. After removing the PMMA layer by 
acetone and exposure to 600 °C in oxidizing atmosphere, clean boron nitride 
nanoribbons can be obtained.  
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Synthesis of BNNS by chemical reactions in solution has been tried by several 
researchers. The first paper reported that the synthesis of BNNS by chemical routes 
involves the reaction of boric acid and urea in water at 65 °C, which forms a complex 
in the stirred solution. After evaporating the water, the formed solid powder was heated 
at 900 °C to obtain few-layer BNNS.216 A mixture of boron trioxide and guanidine 
chloride in methanol was used to produce porous BNNS at 1100 °C, which was utilized 
for the absorption of oil, organic solvents, and dyes in water.102   
 
BNNS, 4 nm in thickness on average was synthesized by mixing B2O3, zinc powders, 
and N2H4∙2HCl in a sealed autoclave at 500 °C.
217 In another process, NaBF4, NaN3, 
NH4Cl, and S were mixed under 450 MPa pressure to form a pellet. This was then kept 
in the autoclave at 300 °C for 1 hour to synthesize h-BN of a few nanometer thick.218 
Nevertheless, all the attempts to prepare BNNS by wet chemical routes encounter 
difficulty in terms of controlling the nanosheet thickness and purity.  
 
2.3.4 Limitation of the synthesis routes and challenges for application 
Although several synthesis routes have been identified to synthesize mono- and few-
layer BNNS, methods for production of large-scale and high-quality single crystalline 
nanosheets for practical use are still not available. With the top-down approaches, the 
nanosheet size and cleanliness are limited by the pristine powder size and purity. In 
the micromechanical cleavage technique, nano- to micro-meter size nanosheets can be 
peeled off from the pristine highly oriented pyrolytic boron nitride samples. This 
process has extremely low output, however, and both mono- and few-layer nanosheets 
are formed at the same time. This method cannot be scaled up for industrial production. 
In the sonication assisted exfoliation, defective and small-sized nanosheets are often 
found. Functionalization of the nanosheet prior to exfoliation can increase the 
efficiency of exfoliation and dispersion; although it generally induces defects in the 
nanosheet. Also, using the ball-milling process to exfoliate nanosheets creates defects 
and possible foreign-element contamination in the nanosheets. Small-size nanosheets 
are obtained, which also depend on the pristine h-BN powders.  
 
Electron beam irradiation and PVD methods have been utilized to synthesize BNNS, 
although these synthesis routes are very expensive and only laboratory scale 
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production is possible with them. Other processes, such as BNNT unwrapping and the 
substitutional reaction of graphene, do not produce very high purity or large 
nanosheets.  
 
There have also been several reports on chemical synthesis routes for BNNS. Leftover 
impurities in the nanosheets are the main concern with these wet chemical routes. The 
as-synthesized nanosheets often require very high-temperature annealing (1000-1500 
°C) to improve the crystallinity and sometimes require oxidation to remove the carbon 
contamination from the nanosheet surface.29,210  
 
Among all the synthesis routes, the CVD method has been established as a popular 
route to synthesize large BNNS. Several years back, 30-inch long graphene was 
synthesized by a CVD method through a roll-to-roll transfer technique, which 
demonstrated strong evidence of the reliability of this technique for large-scale 
production.198 Although BNNS has not been synthesized on such a large scale as yet, 
by utilizing the suitable gas flow of the precursor and carrier gases, as well as the right 
temperature, catalyst and CVD design, large-scale production of BNNS is possible. 
The major bottleneck to overcome with this technique, however, is to reduce the grain 
boundaries (so to form large single grains) and control the mono- or few-layer 
characteristics (homogeneity) all over the synthesized product in the CVD system. 
Also, suitable techniques need to be developed to avoid surface contamination, which 
is formed during the synthesis and/or during the transfer process.  
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2.4 Characterization tools 
2.4.1 Optical microscope 
Optical microscopy analysis can be a very straightforward route to initially examine 
the number of layers of BNNS by visual observation. However, mono- to few-layer 
BNNS is not easily to differentiate by an optical microscope, as it hardly absorbs any 
visible light (nearly transparent) due to its large direct-band-gap (~5.97 eV) properties. 
Even using a very smooth conventional 300 nm silica coating layer on top of the silicon 
wafer to increase the interference of reflected light in the presence of the nanosheet 
does not add sufficient contrast to detect a monolayer nanosheet. Monolayer BNNS 
show 1.5% contrast (which comes from the difference in optical path between the 
incident and reflected light) under white light in 300 nm SiO2 coated silicon, which is 
undetectable by the human eye.219 The contrast difference increased to 2.5% for 
monolayer h-BN on top of 80 nm SiO2/Si wafer under white light, and 3.0% using a 
green filter in the white light path (Figure 2.15a).219 With an increasing number of 
layers, the contrast also increases, thereby facilitating the differentiation of different 
layers under an optical microscope. In fact, in one study, 1-80 layers of h-BN showed 
a gradual change in contrast under green light illumination (516 nm wavelength) in an 
optical microscope.220   
 
Spin coating liquid crystals (4-pentyl-4′-cyanobiphenyl (5CB); 4-octyl-4-
cyanobiphenyl (8CB), etc.) on top of BNNS has proven to be another successful 
method to directly identify the grains, grain boundaries, and cracks of BNNS by 
polarized optical microscopy imaging (Figure 2.15b).180,221,222 The method was first 
adopted for graphene223,224 and later on, applied for BNNS.180,221,222 Liquid crystals 
have been found to be aligned anisotropically with the domain boundaries of BNNS 
and exhibit distinct birefringence when imaged under polarized light.223,224 
Identification of the thickness of BNNS however, is difficult through this technique. 
Also, the grain boundaries of the growth substrate (Cu) were visualized after 
transfer180,223, correlating with false BNNS or graphene grain boundaries, which may 
limit its further use.  
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Figure 2.15: (a) Optical contrast change of mono- (blue line) and bi-layer (red-line) 
region with different wavelengths of light. The contrast is positively maximum at ~ 
570 nm wavelength. The figures below (a) shows the contrast variation of mono- and 
bi-layer h-BN under different wavelengths of light. Adapted from Ref219. (b) and (c) 
Schematics of liquid crystal method and oxidation methods respectively, for the direct 
identification of graphene on Cu substrates. Similar techniques have been developed 
for identification of BNNS. Adapted from Ref223,225.     
 
Exposing the graphene coated Cu substrate to ultraviolet (UV) light to a moisture rich 
environment can oxidize the underlying Cu substrate along the graphene grain 
boundaries and defects (Figure 2.15c).226 Hence, direct optical identification of 
polycrystalline graphene on Cu substrate is possible through the UV treatment. In a 
parallel timeframe, a more convenient method was demonstrated for direct 
identification of graphene by simply oxidizing the graphene deposited on a Cu 
substrate at 160 °C for 6 min225, which oxidized the underlying Cu substrate along 
with the graphene defects. This increased the interference contrast between the 
oxidized and non-oxidized Cu substrate, which facilitated the direct identification of 
graphene areas under an optical microscope. Samples immersed in 15 % H2O2 aqueous 
solution or a saturated solution of sulfur in ethanol also yielded a similar result. The 
oxidation treatment has been generally applied towards BNNS or graphene for their 
direct identification on Cu substrate immediately after synthesis.  
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2.4.2 Raman microscope 
Raman spectroscopy has been widely used to identify compounds, layer numbers, 
crystallinity, and defects. Crystalline h-BN shows two Raman active E2g peaks
227–230 
at 1366 cm-1 and 49-52.5 cm-1. Both the peaks are due to in-place atomic vibrations. 
The peak at 1366 cm-1 is due to the B and N atom stretching vibrations against each 
other, while the other peak appears when the h-BN planes slide against each other.230  
 
The appearance of the high frequency E2g Raman vibration mode is the most 
straightforward route to identify the h-BN. Monolayer h-BN gives a very weak Raman 
band. With an increasing number of layers, the Raman peak intensity also increases 
proportionally. Gorbachev et al. identified mono-, bi- and few-layer BNNS with a 514 
nm micro-Raman spectrometer.219 The Raman peak of monolayer BNNS was blue 
shifted up to 4 cm-1 and was observed at 1370 cm-1. It was inferred that the monolayer 
h-BN was stretched by the underlying substrate, which develops strain in the nanosheet 
and consequently hardens the E2g phonons. In the bi-layer and few-layer cases, a red 
shift of 1-2 cm-1 was found. This could be due to the interaction between neighbouring 
sheets, which can soften the E2g phonons.
219 Heat generated from the high-intensity 
laser source can also soften the phonons in the presence of defects in the nanosheet 
and produce red shifting of the Raman peak. Defects (vacancy/impurity/c-BN/BN 
soot/BxCyNz compounds) restrict the heat flow and therefore, in its presence, the 
temperature can rise in the defective areas, which softens the E2g peak. In the absence 
of defects in the sheet, however, the temperature does not play a major role in peak 
shifting, as boron nitride itself is highly thermally conductive. No overtone of the E2g 
mode at higher frequency was detected.  
 
The low-frequency E2g mode is hard to distinguish, as the intensity is only 1/40
th of 
that of the high-frequency vibration mode.227 Also, due to high Rayleigh background 
scattering and the detection limitations of most of the Raman systems231, this feature 
is mostly neglected, and only the intensity and peak position of the high-frequency 
Raman mode are analysed. For the monolayer h-BN, the inter-plane E2g shear vibration 
mode should be absent, and this could be a direct indication of a monolayer.231 Another 
mode of vibration called the layer breathing mode has been observed in the graphene 
case at 128 cm-1 and the overtone observed at 256 cm-1 after careful set-up of the 
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Raman instrument.231 No layer breathing mode (LBM) has been observed for BNNS, 
however. This is possibly due to the different frequency of vibration of B and N atoms 
in a hexagonal ring. 
 
2.4.3 Fourier transform infrared spectroscopy (FTIR) 
FTIR is an important tool to analyse boron nitride powder samples. An attenuated total 
reflectance (ATR)-FTIR arrangement is often used to analyse thick BNNS samples 
directly or in liquid solvents.94,116,132,208,232 FTIR is not very sensitive, however, for 
detection of mono- to few-layered BNNS on 300 nm SiO2/Si substrate. h-BN has two 
characteristic infrared (IR) modes. One is the in-plane B-N stretching vibration, E1u 
within the range of 1366-1392 cm-1, and the other is the out of plane B-N-B bending 
vibration, E1u at 770-820 cm
-1 wavenumbers.116,232  
 
2.4.4 Scanning electron microscopy (SEM) 
Due to its minimal sample preparation requirements and its capability for micro- to 
nano-scale area imaging with high resolution, rapidity, and non-invasiveness, SEM is 
another commonly used characterization tool. The identification of BNNS, however, 
necessitates a conducting support substrate and operating the SEM under low kV and 
low working distance conditions.  
 
Mono- to few-layer BNNS is considered transparent under high kV electron beam 
operations in SEM, as the interaction volume and consequently, the secondary electron 
generation from the nanosheet are very low compared to the substrate. Thus, the 
surface underneath the BNNS is imaged under high kV SEM operation. Also, BNNS 
is difficult to identify on top of insulating substrates (i.e., SiO2/Si). This is due to the 
charge build up on the insulating surface under electron beam irradiation, which repels 
further incidental electrons and restricts the secondary electron generation.  
 
With an increasing number of layers of BNNS, SEM contrast also increases 
proportionally; which enables the rapid identification of BNNS layer numbers. The 
edges of the crumples in the nanosheet are seen as white contrast. For thick BNNS 
samples (boron nitride nanoplates on stainless steel), backscattered electron field 
 
39 
 
emission SEM (BSE-FESEM), combined with energy dispersive spectrometry (EDS), 
has been used for identification.34 
 
2.4.5 Electron backscatter diffraction (EBSD) 
EBSD is a quantitative/statistical SEM technique for orientation measurement and 
phase analysis of microstructures on a macro to sub-micron or nanometer scale. EBSD 
analysis has been carried out on BNNS deposited on Cu or Ni substrate to understand 
the substrate grain orientation effect on the growth of BNNS.150,151,221,233,234 Both the 
Cu and Ni substrates undergo a significant recrystallization process when annealed at 
very high temperatures (at or above 1000 °C) and are found to be predominantly 
Cu{100} and Ni{100} surface oriented after the annealing and BNNS growth.150,233,235 
In all the reported studies, the BNNS growth rate was found to be higher on the 
Cu{111} oriented regions than on the Cu{100} or Cu{110} regions.233 The growth of 
BNNS on Ni, however, follows the opposite trend. The BNNS growth rate was found 
to be higher on the Ni{100}- or Ni{100}-like surfaces.150,234 It should be noted that 
Cu(111) and Ni(111) have lower surface energies than their corresponding {100} and 
{110} surface planes.  
 
2.4.6 Transmission electron microscopy (TEM) 
TEM is a state-of-the-art characterization tool which can provide information down to 
atomic resolution. The crystallinity of the BNNS is generally examined by selected 
area electron diffraction (SAED) analysis in TEM.50,152,157,165,167 The appearance of 
six-fold symmetrical spots from SAED confirms the presence of crystalline BNNS. 
Various domains of the nanosheet can be sequentially imaged under dark field (DF)-
TEM mode along the specific SAED spots (using an aperture filter along that 
direction) arising from that crystal.205,236 The overall domain boundary mapped image 
is obtained by stitching all the DF images together.  
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Figure 2.16: (a) HRTEM image of few-layer graphene, which reveals that the few 
layer graphene has been creased. (b) An atomistic model of the creased few-layered 
graphene which gives rise to the HRTEM image in (a). Adapted from Ref237. (c) 
Atomic number, Z vs. ADF intensity plot, giving a perfect match between the 
experimental and theoretical profiles. (d) ADF-STEM image of monolayer BNNS, and 
(e) the corresponding intensity profile along the XX´ and YY´ directions. Impurity 
elements, i.e., C and O, in the nanosheet can be identified from their relative intensities. 
Adapted from Ref238.       
 
The thickness of the BNNS is conventionally determined by analysing the folded edges 
of the sheets under HRTEM mode. The atomically thin sheets are generally folded 
along the edges during the transfer step or during the electron beam exposure under 
HRTEM analysis. The creases in the sheet can be also detected under similar HRTEM 
analysis (Figure 2.16a, b)237. The serendipity of getting a folded edge and the presence 
of creases however, often makes it challenging for accurate identification of thickness 
across all the regions of the nanosheet. Annular dark field (ADF) imaging in a scanning 
TEM (STEM) is another technique to identify the individual atoms and the layer 
thickness of BNNS in terms of ADF intensity, which varies with the atomic number 
(Z)239, as about Z1.64 (Figure 2.16c). The precise identification of thickness by ADF-
STEM imaging, however, is a tedious process as it requires the presence of a 
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background (a hole, created by electron beam irradiation damage to BNNS) as a 
reference. A multislice simulation has been carried out to examine the changes in the 
SAED patterns, and the ADF-STEM and BF-STEM images for mono- to few-layer 
BNNS as the sample is tilted from 0 to 500 mrad.240 For the monolayer BNNS, the 
SAED pattern and ADF-STEM images were found to be nearly insensitive to tilt angle, 
while the images changed significantly with tilting for multilayer BNNS. This 
technique of identifying monolayer BNNS from its bulk, however, still remains to be 
confirmed by experimental analysis.   
 
TEM is a powerful tool to probe individual atoms, defects, and grain boundaries of 
BNNS. The individual B and N atoms and the impurity atoms inside the BNNS have 
been successfully detected by ADF-STEM analysis (Figure 2.16d, e)238. The grain 
boundaries54 and vacancy defects58 in BNNS have been explored by HRTEM analysis. 
Moreover, the interlayer distance and bond length can be determined by the HRTEM 
analysis.  
 
The bonding nature (sp2 or sp3 configurations) and the chemical constituents can be 
analysed by electron energy loss spectroscopy (EELS) in TEM. EELS is a surface-
sensitive tool, which is more effective for identification of low atomic weight elements 
(from C to 3d transition metals)241, while EDS analysis in TEM is more sensitive for 
high atomic weight elements. EELS and EDS mapping are frequently done to analyse 
the spatial distribution of the elements. High resolution (HR)-EELS analysis has been 
also employed to identify the defects in the BNNS.242 
 
2.4.7 Atomic force microscopy (AFM) 
AFM is a versatile characterization instrument for 2D materials. The thickness and 
roughness of the BNNS sample can be accurately measured, generally under tapping 
mode in AFM. For the mono- and few-layer cases, precise thickness determination 
under AFM can be sometimes challenging, however. It has been reported that often a 
thickness of 1 nm can correspond to monolayer BNNS (since the interlayer distance 
of h-BN is 0.333 nm), due to the possibility of trapped moisture/water/impurities 
between the nanosheet and the SiO2/Si substrate.
243,244 Therefore, other 
characterization techniques, such as optical, Raman, SEM, and TEM analysis of the 
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samples is often resorted (by counting the number of layers) to compare the AFM 
derived thickness.  
 
The mechanical strength of few-layer BNNS has been determined using the AFM 
indentation technique (Figure 2.17).50 A circular hole of 1 μm in diameter was first 
created in a SiO2/Si surface by e-beam lithography and reactive ion etching techniques. 
The nanosheet was then transferred to the SiO2/Si interface, and a diamond tip was 
used to indent the free-standing nanosheets to determine the fracture strength.  
 
Figure 2.17: Determination of mechanical strength of BNNS by the AFM indentation 
technique. (a) SEM image of large BNNS on a SiO2/Si substrate, with a patterned array 
of circular holes in the substrate. Areas C and E are fully covered by BNNS, and area 
F is the region fractured by indentation. (b) Schematic illustration of mechanical 
strength determination of BNNS by nanoindentation. Adapted from Ref50. 
 
The quality of BNNS has also been determined by conductive AFM analysis in contact 
mode.245 BNNS is generally considered as an insulator due to its wide band gap. The 
presence of impurities and defect in the nanosheet, however, will increase its 
conductivity, which helps to identify the quality of the sheet under conductive AFM. 
Frictional characteristics of mono- to multiple-layer 2D nanosheets were examined in 
friction force microscopy and contact mode AFM analysis.101 Friction increased with 
a decreasing number of layers, which was ascribed to the puckering characteristics of 
the reduced nanosheet thickness areas under AFM tip sliding.  
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2.4.8 X-ray photoelectron spectroscopy (XPS) 
XPS analysis is generally done directly on the growth substrates without any transfer 
steps. Identification of elements, and the quantity, ratio, and bonding nature of each 
element can be carried out on the XPS spectra. In BNNS samples, the presence of B 
and N has been identified at ~190.3eV and ~398.8 eV, respectively.50,114,135,142,150–
152,154,246–248 Two wide small intensity peaks also can appear at 9 eV and 25 eV higher 
energy positions ( plasmon and bulk plasmon loss peaks) than the B 1s and N 1s core 
level peaks, which is a fingerprint signature of the sp2 bonding nature between B and 
N atoms.34,249 For the amorphous and cubic BN samples, these peaks do not appear. 
Analysis of the elements from the XPS spectra (peak deconvolution, bonding nature, 
ratio of the elements, etc.) can be done in CasaXPS software. During the experiment, 
charge build-up can occur in the sample and can shift the peak positions of the 
elements. Calibration of the obtained spectrum can be done using the carbon peak as 
a reference and, therefore, eliminating the charge compensation related shift of 
energies over the whole spectrum.  
 
2.4.9 UV-vis spectroscopy 
BNNS has a poor light absorption capability (< 1.5%) in the visible range and therefore 
appears transparent under optical microscopy.219,250 BNNS has an intense absorption 
edge in the ultraviolet-visible (UV-vis) range.68 Utilizing this property, the band-gap 
energy of few-layer BNNS has been determined by analyzing the absorption data from 
the visible to the UV-vis regime. The band gap has been determined according to 
Tauc’s formula251, 
 
𝜔2𝜀 =  (ℎ𝜔 −  E𝑔)
2……………………………………………………………. (2.4) 
Or, through this reaction252:  
𝛼 =  C(E −  E𝑔)
1/2/E …………………………………………………………... (2.5) 
 
Here,  ω = Angular frequency = 2π/λ 
α = Absorption coefficient; it can be obtained from  𝜀 = αL, where 𝜀 is 
absorption value and L is the film thickness. 
 h = Planck’s constant 
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 Eg = Band gap energy 
 E = Incident photon energy    
 
BNNS, grown on catalyst substrates by the CVD process, needs to be transferred to 
quartz plates for analyzing the UV-vis spectrum. Significant absorption of light does 
not occur until the wavelength drops to 350 nm from the visible range. A sharp 
absorption peak is observed at ~200 nm in the presence of BNNS.50 The h-BN bulk 
powder samples, however, show the peak in the 215-227 nm range.68 
 
2.4.10 X-ray diffraction (XRD) 
Structural information about the material, including crystallinity, strain, and interlayer 
distance, can be obtained from XRD analysis. It has been a challenge to directly 
analyze few-layer BNNS, sitting generally on either the catalyzed substrate or 300 nm 
SiO2/Si wafer (after transfer from the substrate) by XRD, however. Shi et al. obtained 
the (0002) reflection peak at 26.70° (2θ angle) for their 50 nm thick BNNS sample.152 
XRD analysis is, therefore, generally considered for the h-BN powder samples. The 
2θ peaks appear at 26.70°, 41.60°, and 55.00°, among which, the peak at 26.70° is the 
most intense and well-defined peak, confirming the presence of crystalline h-BN.253 
The peak becomes broader from 20° to 35° for semicrystalline h-BN samples.124  
 
2.4.11 Other techniques 
Scanning tunneling microscopy/spectroscopy (STM/STS) analysis gives atomic scale 
information where individual atoms can be detected by atom-to-atom raster scanning.  
Square octagon pairs (4ǀ8) and pentagon heptagon pairs (5ǀ7) were detected along the 
domain boundaries of BNNS by STM investigation.49 Moreover, in the in situ growth 
process163, defects generated during the growth of BNNS163 and the periodicity of 
BNNS163,175,254 growth on different substrates have been analyzed by STM. Auger 
electron spectroscopy (AES) can be employed to determine the boron and nitrogen 
concentration in BNNS as a substitute/addition to XPS analysis.171,179,247,255 In the 
study of in situ BN doping of graphene, Chang et al. reported that they did not find 
any boron signal in XPS for 2% and 6% BN doping in graphene layers due to the low 
atomic sensitivity to boron in XPS.179 In AES analysis, however, both boron and 
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nitrogen peaks were clearly apparent.179 High energy X-ray absorption spectroscopy 
(XAS) and X-ray emission spectroscopy (XES) obtained from synchrotron radiation 
can be also used to obtain a better understanding of the fine details of the boron and 
nitrogen bonding, the interaction with the substrate, and corresponding 
properties.166,179,256 Moreover, secondary ion mass spectroscopy (SIMS) have been 
used for depth profiling and elemental identification.34,165 The crystallinity of the 
nanosheets, in addition to SAED studies under TEM, can be also confirmed by low 
energy electron diffraction (LEED) analysis in a photoemission/low energy electron 
microscope (PEEM/LEEM).257166258  
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Chapter 3  
 
Experimental Approaches 
3.1 BNNS growth on copper substrate 
BNNS growth was carried out through atmospheric pressure CVD (APCVD) process 
which was first developed by Li et al. for the growth of graphene.259 Figure 3.1 shows 
a schematic illustration of an APCVD system used for the BNNS growth on Cu 
substrates. A piece of Cu (0.25 mm thick, 99.98 % purity, Sigma-Aldrich) was 
pretreated with 30 % HNO3 solution (70 % concentration, Sigma-Aldrich) for about 5 
minutes to remove the oxide layers from the surface, and then, blow dried in N2 steam 
(>99.99 % purity, BOC, Australia) before being transferred into a quartz tube (44 mm 
inner diameter, 50 mm outer diameter, 1200 mm length, MTI Corporation, China). 
Prior to heating, the whole system was evacuated and backfilled three times with a 
10% H2/Ar (volume percentage, >99.999 % purity, BOC, Australia) gas mixture to 
remove air and moisture from the system. For the BNNS growth on melted Cu 
substrate, Tungsten (W) foil (0.127 mm, ≥ 99.9% purity, Sigma-Aldrich) was used as 
a support for the melted Cu, since it facilitates sufficient wetting of the melted Cu on 
it.   
 
Ammonia borane (97 % purity, Sigma-Aldrich) was primarily used as the precursor 
for the synthesis of BNNS. Ammonia borane is decomposed at 110°C, which leads to 
the formation of borazine (B3N3H6), hydrogen, polyaminoborane [(BH2NH2)n], 
polyiminoborane [(BHNH)n], polborazylene [(B3N3H6)n], diborane (B2H6), and 
ammonia (NH3).
129,132,133,260,261 These polymeric compounds have been reported to 
degrade the quality of the grown BNNS.22,90 In this study, ammonia borane was 
decomposed outside the CVD furnace in a Schlenk reaction tube fitted with a glass 
filter (Figure 3.1) that prevents these polymeric compounds from entering the reaction 
zone. Therefore, the volatiles reaching the substrate are H2 and borazine, since trace 
amounts of B2H6 and NH3 will form solid amine complexes along the pipe before 
reaching the substrate.262 Borazine tends to polymerize into solid polyborazylene at 
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room temperature, so it requires low temperature for long-term storage. It reacts with 
moisture to form boric acid, ammonia, and hydrogen.90,260 It is also toxic. The thermal 
decomposition of ammonia borane in this experiment serves as the in-situ source of 
borazine. The decomposition products of ammonia borane were carried into the 
reaction zone by a flow of 100 ml/min 10% H2/Ar through the Schlenk reaction tube. 
 
The whole synthesis process can be divided into four steps, i.e., ramping up the 
temperature, annealing the substrate, growing BNNS, and cooling. Ramping was done 
at 10 °C/min under a 10% H2/Ar gas mixture flow. An annealing treatment was then 
carried out at 1000 °C and 1100 °C for the growth on solid and melted Cu substrates, 
respectively, for 40 min under 500 ml/min 10% H2/Ar gas mixture flow to remove 
residual surface oxides and contamination. After the initial annealing period, the 
growth of BNNS was continued for one hour by flowing the gaseous thermal 
decomposition products of ammonia borane over the Cu substrate. At the end of the 
growth, the furnace was cooled down to room temperature by lifting the top cover of 
the furnace. The cooling rate was varied to avoid large crumples and cracks in the 
BNNS. The conditions of fast and slow cooling rates are shown in the time-
temperature diagrams (Figure 3.2).  
 
3.1.1 Growth of partially and fully covered BNNS  
Initially, 100 mg of ammonia borane was used to compare the BNNS morphology, 
thickness, and crystallinity on solid and melted Cu substrates. Growth processes of 
BNNS on those two substrates were then studied by varying the amounts of ammonia 
borane. 40 mg of ammonia borane and 30 minutes of growth were found to be 
sufficient for the complete coverage of the solid and melted Cu substrate under the 
applied conditions (ammonia borane was decomposed at 110 °C and 100 ml/min of 
10% H2/Ar flow was used during the synthesis and cooling periods). Partial coverage 
by BNNS was tuned by varying the ammonia borane content, i.e., using 10 to 30 mg 
of ammonia borane.  
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Figure 3.1: Schematic illustration of an APCVD system. Volatile thermal 
decomposition products of ammonia borane were carried over the Cu substrates by a 
10% H2/Ar gas mixture. For the melted Cu, tungsten was used as the support due to its 
better wettability compared to the quartz slide.  
 
3.1.2 Preparation of bare annealed solid and melted Cu substrates 
Bare solid and melted Cu substrates were prepared using the same procedure for 
BNNS growth on solid and melted Cu substrates, except the ammonia borane 
decomposition step, to compare the bare and BNNS deposited substrates under similar 
conditions. 
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 (a) 
 
(b) 
 
Figure 3.2: Time-temperature profiles for the CVD growth of BNNS. (a) Fast cooling 
process and (b) slow cooling process after the growth, while all the other parameters 
were kept fixed.  
 
3.2 Transferring BNNS to different substrates 
BNNS was transferred to 285 nm SiO2/Si wafers (p doped, Graphene Supermarket) 
using the conventional poly(methyl methacrylate) (PMMA, average Mw~996,000, 
Sigma-Aldrich) assisted transfer process.194 3 % PMMA in chlorobenzene (ACS 
reagent, ≥99.5 % purity, Sigma-Aldrich) solution was spin coated at 4000 rpm for 30 
seconds on the BNNS grown on the substrates. The samples were then dried in air for 
few hours before being kept in a 0.1 M ammonium persulfate (ACS reagent, ≥98 % 
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purity, Sigma-Aldrich) etching solution floating overnight, with the PMMA layer 
facing up. As the deposition of BNNS can occur on both front and back sides of the 
foils, the backside BNNS is removed for clean transfer. The commonly adopted 
technique is to etch the backside Cu surface in 0.1M ammonium persulfate solution 
for 1 min before transferring the PMMA coated substrate to another etching solution. 
After etching, the BNNS/PMMA layer was liberated and floated on the solution. The 
BNNS/PMMA was washed with deionized water several times before it was fished 
out on the SiO2/Si wafers. The sample was then kept inside a desiccator overnight to 
dry and improve the adhesion of the BNNS to the substrate. After the drying process, 
the adhesion was further strengthened by heating at 180 °C for a few minutes. The 
PMMA layer was then removed by soaking in warm acetone (40 °C) for one hour, and 
followed by isopropanol (IPA, ACS reagent, ≥ 99.5 % purity, Sigma-Aldrich) washing 
to obtain the final transferred sample. After that, the samples were oven dried at 80 °C 
for a couple of hours to remove the residual IPA. An additional heat treatment at 500 
°C for two hours in 10 % O2/Ar flow was found to lower the PMMA residue 
significantly.204  
 
BNNS grown on solid Cu of Ni substrates was transferred to Au-coated TEM grids by 
a direct transfer process.196 Holey carbon, lacey carbon and quantifoil TEM grids (TED 
PELLA, Inc.) were used for the analysis under TEM. The TEM grid was kept on top 
of the BNNS coated solid Cu or Ni substrates and some ethanol was then dropped on 
top of the grid. After drying in an oven at 100°C for a few minutes, the sample with 
the TEM grid was kept floating on 0.1M ammonium persulfate Cu etching solution. 
After overnight etching, the TEM grid with the BNNS sample was scooped up and 
transferred to deionized water solution for cleaning the etchant residues. The scooped 
up sample from the water was then dried in a desiccator overnight, and subsequently, 
in the oven at 80°C for a few hours. 
 
The solidified Cu surface from melted stage was also spin coated with PMMA. As the 
underlying region of solidified Cu was attached to tungsten foil and upper surface was 
covered by PMMA, the surrounding edge of the solidified Cu was scratched with a 
sharp needle for letting the etching solution to come in contact with the underlying Cu 
through the scratch. Complete dissolution of underlying Cu took about one day using 
 
51 
 
0.1 M ammonium persulfate solution. After that, the etching solution was replaced by 
deionized water. PMMA attached BNNS floated on top of deionized water and was 
ready to be transferred to different substrates. BNNS was transferred to 285 nm SiO2/Si 
wafer for AFM and Raman analysis and to the TEM grids for TEM analysis.  PMMA 
was removed by hot acetone washing and further heating at 500 °C in 10 % O2/Ar flow 
(samples transferred to SiO2/Si substrate), as has been described in the previous 
paragraph.  
 
3.3 Characterization  
Optical microscope images were collected using a Leica DM6000 microscope. 
 
The surface roughness of the as-received and treated Cu foils, together with the 
thickness of the BNNS, was acquired using an Asylum AFM MFP-3D in the tapping 
mode.  
 
X-ray photoelectron spectra (XPS) were collected using a PHOIBOS 100 
hemispherical analyzer. The X-ray excitation wavelength was provided by Al Kα 
radiation with photon energy of 1486.6 eV. The XPS data were analyzed using 
CasaXPS software. The Shirley background function was used for B 1s and N 1s peak 
background correction. A 70% Gaussian and 30% Lorentzian combined function was 
used for peak-fitting analysis. 
 
Raman spectra were acquired directly on the Cu foil substrates using a Horiba Raman 
JY HR 800 spectrometer. A 632.81 nm laser with a He-Ne source was used for the 
characterization. Raman spectra of BNNS on silicon wafers were obtained via a 
Renishaw inVia Raman spectrometer using a 514.0 nm Ar+ laser. Raman spectra of 
the graphite-like structure on top of BNNS were collected using a Horiba Raman JY 
HR 800 spectrometer with an internal HeNe laser source (632.81 nm). Raman spectra 
on top of the Cu substrates were acquired by a 632.81 nm He-Ne laser source in Horiba 
Raman JY HR 800 spectrometer. 
 
Field emission SEM images of BNNS on solid Cu substrate were obtained on a 
scanning electron microscope (JEOL JSM-7500FA). SEM images of the BNNS on top 
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of the Cu substrate were obtained at 1 kV working voltage, using a 4 mm working 
distance in a JEOL-JSM-7500 fitted with a field emission gun. SEM-based EDX 
analysis of the SiOx particles was performed at 10 kV operating voltage. 
 
TEM/STEM examination was carried out using a probe-corrected JEOL ARM200F 
equipped with a cold field emission gun operating at an acceleration voltage of 80 kV. 
HAADF images were acquired with inner and outer collection angles of 50 to 180 
mrad, respectively, ensuring Z-contrast, while BF images were acquired with a 
maximum collection angle of 17 mrad. All images were acquired with a 20 μs dwell 
time and convergence angle of 25 mrad, corresponding to a probe size of ~1 A and a 
current of 40 pA. Images were filtered by two different methods: Fast Fourier 
transform (FFT) filtering involved selecting all the periodic reflections in the FFT by 
masking and carrying out the inverse transform. The second method involved 
deconvoluting the probe effects in the images via the maximum entropy method. 
{1120} reflections were clearly observed in the FFTs, which represents a minimum 
resolution of 0.145 nm. EELS was performed using a GIF Quantum equipped in the 
same microscope. Spectrum images (SI) were acquired in STEM mode using a 
convergence and collection semi-angle of 25 and 28 mrads, respectively. All spectra 
in the SI were aligned to the leading edge of the boron K-edge. Optimized dark 
corrections were carried out on all SIs using the standard Gatan procedures. The B and 
N edges were extracted by fitting an exponential background window from 163 eV to 
183 eV and 376 to 396 eV, respectively. B and N signal integration windows were 
positioned at 190 eV to 220 eV and 401 to 431 eV, respectively.  
 
3.4 Electrochemical analysis 
3.4.1 Electrochemical impedance spectroscopy (EIS) 
EIS analysis was performed using an automated CH Instruments electrochemical 
workstation model 660D with CHI integrated software version 11.17. Bare Cu and 
BNNS coated Cu surface areas of 0.785 cm2 (circular areas having a diameter of 1 cm) 
were exposed to 0.5 M NaCl solution for 30 min prior to measurements. A standard 3-
electrode set-up was employed with Pt mesh serving as the counter electrode and 
Ag/AgCl (3.0 M NaCl) serving as the reference electrode. The frequency range was 
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100 kHz to 10 mHz with a ±10 mV perturbation around the open circuit potential 
(OCP). 
 
3.4.2 Scanning electrochemical microscopy (SECM)  
SECM was performed using CH Instruments SECM model 920D utilizing CHI 
integrated software version 12.26. Pt disk ultra-micro-electrodes (UME) with 25 µm 
diameter, purchased from CH Instruments Inc., was used as working electrode. Pt 
mesh and Ag/AgCl (3.0 M NaCl) were used as a counter electrode (CE) and a reference 
electrode (RE), respectively. Figure 3.3 shows the experimental setup and an electrical 
model explaining the SECM data collection in AC mode. Alternating current SECM 
(AC-SECM) approach curves were obtained in 1 mM NaCl solution in order to 
maximize the sensitivity of the AC response. Approach curves were collected by 
moving the Pt UME from a distance of 75 µm above the Cu substrate down to < 1 µm 
from the substrate surface. Approach curves were generated at the range of frequency 
from 100 kHz to 1 kHz. The UME was held at OCP with an excitation AC signal 
amplitude of ±200 mV. A positive feedback is generally detected when the frequency 
(f) of the applied AC signal to the UME is smaller than the reciprocal of the time 
constant of the interfacial impedance (f < ½ πRC; here R is resistance and C the 
capacitance).263 Due to the insulating nature of BNNS, the time constant associated 
with the surface film increases, resulting in a positive feedback at low frequencies. The 
negative feedback at high-frequency domain indicates a higher concentration of ionic 
species and lower solution resistance in close proximity to the surface.264,265 
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Figure 3.3: SECM (a) experimental set-up and (b) electrical model explaining the data 
collected in the AC mode. RCu, RSL, RSol, and RT represent the resistance associated 
with Cu, surface layer, solution and SECM tip, respectively. C elements (Ccu, CSL, and 
CT) represent the associated capacitance elements. 
 
3.4.3 Linear Polarization Resistance (LPR)  
Linear polarization Resistance (LPR) experiments were conducted in a standard 3-
electrode arrangement with Pt mesh serving as the counter electrode and Ag/AgCl (3.0 
M NaCl) serving as the reference electrode. In linear polarization, a bias potential of 
±20 mV range around OCP was applied and linear polarization resistance (LPR) was 
calculated from the linear behavior of E-I curve in close proximity of OCP. PDP 
measurements were made within the potential range of -0.25 V to -0.05 V (vs. 
Ag/AgCl) and Tafel plots were produced using the integrated CH instruments 
software.   
 
3.5 Simulation  
3.5.1 HAADF-STEM image simulations 
QSTEM software was used to simulate the HAADF-STEM images of various h-BN 
stacking orders along the [0001] zone axis.266 QSTEM is a suite of software for 
quantitative image simulation, including model building and TEM/STEM/CBED 
image simulation. In my thesis, the specific objective for using this software was to 
match the experimental ADF-STEM images with the simulated ones generated by the 
QSTEM software. QSTEM was written to do HAADF-/ADF-/ABF-STEM 
simulations. To use this software, the cif files of each of the possibly configured h-BN 
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had to be prepared first. The ADF-STEM image simulation was later carried out by 
keeping the conditions close to the experimental values.   
 
The supercell structure consisted of 147, 98, and 49 atoms for 3, 2, and 1 layer of h-
BN stacking simulation. The scanning window in the XY plane was 15 ×15 Å, and a 
pixel size of 50 × 50 was used. The probe resolution was 0.05 Å, and the probe array 
was 400 × 400 pixels. The microscope parameters used for the simulation are as 
follows: 80 kV voltage, 0 nm defocus, 0 nm astigmatism, 0.001 mm spherical 
aberration, 300 Kelvin temperature, 30 thermal diffuse scattering (TDS), 1.0 mm 
chromatic aberration, 0.4 eV dE, 25 mrad convergence angle, 0° beam tilt, 5 × 108 
A/cm2 Sr brightness, and 20 μs dwell time. The detector inner and outer angle positions 
were set at 68 and 280 mrad, respectively. The offset in the X and Y directions was set 
at 0 mrad. 
 
3.5.2 Density Functional Theory (DFT) calculation 
The calculations were performed using the DFT method with the gradient-corrected 
exchange-correlation functional of Wu and Cohen (WC)267 as implemented in the 
SIESTA package.268 The WC functional gives a realistic description of BN−transition-
metal interaction and has been successfully used in previous works to describe various 
physical and chemical properties of BN/metal systems.174,269–271 The double-ζ plus 
polarization function (DZP) basis set was used to treat valence electrons of H, B, N, 
O, and Cu atoms. The core electrons are represented by the Troullier–Martins norm-
conserving pseudopotentials. Periodic boundary conditions were used for all systems, 
including free molecules. The Cu fcc lattice was optimized using the Monkhorst-Pack 
14x14x14 k-point mesh for Brillouin zone sampling. The calculated Cu lattice 
parameter is in excellent agreement with the experimental value.272 The optimized 
lattice of bulk Cu was used to construct a four-layer 8x8 slab for Cu(111), containing 
256 Cu atoms. The calculated lattice parameter of the h-BN monolayer has a close 
value to the surface lattice constants of Cu(111), resulting in a good match of the h-
BN and Cu(111) lattices. The periodically replicated slabs were separated by a vacuum 
region of 20 Å. In calculations, the bottom two layers of the Cu(111) slab was fixed, 
while all other atoms were fully relaxed. Only the Gamma-point was used for sampling 
the Brillouin zone of the slabs because of the large size of the supercell. An energy 
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cut-off of 200 Ry was chosen to guarantee convergence of the total energies and forces. 
A common energy shift of 10 meV was applied. Self-consistency of the density matrix 
was achieved with a tolerance of 10-4. For geometry optimization, the conjugate-
gradient approach was used with a threshold of 0.02 eV Å-1. To obtain the most stable 
configurations of H2O, OH, H, and O on the pure and BN modified Cu(111) surfaces, 
a large number of starting geometries in different non-equivalent positions and 
orientations were generated. The starting structures were optimized without any 
geometry constraints. All adsorption energies are corrected for the basis set 
superposition error (BSSE). A similar approach and set of parameters have been used 
in a recent work.273 
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Chapter 4  
 
Synthesis of large and few atomic layers of  h-BN 
by CVD method 
 
4.1 Introduction 
Atomic layered h-BN, i.e., nanosheet (BNNS), is also called ‘white graphene’, since 
it is white with a large band gap of 5.0 to 6.0 eV63,274–276, in contrast to graphene’s zero 
band gap that results in a black color. BNNS has shown some exceptional properties 
that lend themselves to applications different from those of graphene. For instance, 
BNNS is oxidation resistant up to 1000 °C in air92, while graphene deteriorates around 
600 °C.277 BNNS is highly resistant to wet chemical attack and is difficult to 
functionalize93 while graphite readily turns into graphene oxide in a mixed sulfuric 
acid, sodium nitrate, and potassium permanganate solution.95 Using BNNS as a 
substrate for graphene has opened up a large potential for application in graphene-
based devices.19 BNNS has been utilized as a dielectric layer for the fabrication of 
graphene-based field-effect transistors21,69,278 and explored as a tunneling barrier 
within graphene layers.70 For these applications, high-quality BNNS that is large in 
size, uniform in thickness, and free of defects, is highly critical. The synthesis of such 
high-quality BNNS, however, remains challenging.   
 
Among the various synthesis techniques, the CVD method has been established as a 
popular route to grow large nanosheet within a single run. The first CVD route of 
monolayer BNNS was produced as early as 1995 using an ultra-high vacuum (UHV) 
CVD system.8 Recently, simple atmospheric pressure CVD (APCVD)50,136,152,181 and 
low-pressure CVD (LPCVD)90,135,143 systems have been developed to grow large 
BNNS. Polycrystalline Cu and Ni foils have been routinely used as substrates/catalysts 
in CVD systems because of their wide availability, low cost, and ease of etching to 
facilitate the transfer of BNNS onto different substrates. As far as conventional 
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polycrystalline foils are concerned, however, the CVD method is not free from 
limitations. Poor controllability over the BNNS thickness is one of the primary 
drawbacks.19,25 In the CVD method, nucleation of h-BN has been observed along the 
crystallographic defects of the polycrystalline catalyst surface, which consequently 
reduces the quality of the final product.90,181 Single crystal foil can be an option to 
remove the grain boundary induced nucleation sites8,130,154; however, the high cost and 
small size of single crystal foils limit their use. It has been demonstrated that improving 
the surface smoothness by employing techniques such as electro-polishing is 
conducive to the formation of large domains of BNNS.181 Melting can lead to an ultra-
flat liquid surface that is free of grain boundaries and crystallographic defects, and has 
been found to facilitate the growth of large uniform graphene single crystal.279,280 In 
this chapter, melted-Cu facilitated APCVD growth of large and few-layer BNNS has 
been reported. For comparison, the growth was also carried out on solid Cu foil at 1000 
°C under similar conditions. The BNNS samples were characterized using X-ray 
photoelectron spectroscopy (XPS), atomic force microscopy (AFM), Raman 
spectroscopy, scanning electron microscopy (SEM), and transmission electron 
microscopy (TEM).  
 
4.2 Results 
BNNS was grown on solid and melted Cu substrates in a split type tube furnace (see 
details in the experimental section). For simplicity, BNNS grown on solid and melted 
Cu substrates are denoted hereafter as S-BNNS and M-BNNS, respectively. 10 % 
H2/Ar gas mixture flow was maintained at 100 ml/min for all the experiments, during 
the growth period of BNNS. Large flow rates such as 200 ml/min during the growth 
resulted in fragmented BNNS on solid Cu substrate (Figure 4.1).  
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Figure 4.1: Discontinuous and inhomogeneous BNNS grown on solid Cu with a 200 
ml/min 10% H2/Ar carrier gas flow. The corresponding line profile shows fragmented 
BNNS of about 1 nm in thickness.     
 
To determine the crystallinity, size, and thickness of the nanosheets, both S-BNNS and 
M-BNNS were transferred to 285 nm SiO2 coated Si wafers and holey carbon TEM 
grids (see details in the experimental section). Clear optical contrast was observed 
between S-BNNS and M-BNNS on the SiO2/Si wafers. The clear blue region in Figure 
4.2a and the nearly transparent area indicated by the dotted line in Figure 4.2b 
represent thick and thin BNNS grown on the solid and melted Cu substrates, 
respectively.219 The thickness of BNNS on SiO2/Si wafer was measured by AFM 
(Figure 4.2c and d). A thickness of 4.2 nm was observed for the S-BNNS, indicating 
~ 12-layer stacking. In contrast, M-BNNS is only 1.0 nm thick, corresponding to 1-3 
atomic layers. It should be noted that underlying trapped water or contamination 
between the BNNS and the SiO2 substrate can often increase the thickness under AFM, 
and therefore, 1 nm corresponds to the height of a mono-layer of h-BN.45,219 The AFM 
thickness analysis results were further corroborated by high resolution (HR)-TEM 
studies, which will be discussed later.  
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Figure 4.2: (a), (b) Optical images; (c), (d) AFM height images with corresponding 
thickness profiles on SiO2/Si wafer for the S-BNNS and M-BNNS samples, 
respectively. 
 
XPS was employed to assess the stoichiometry and nature of the bonding between B 
and N atoms (Figure 4.3). For both samples, the B 1s, and N 1s peaks are situated at 
189.8-190.9 eV and 397.1-398.7 eV, respectively, which match the published 
results.50,135,143,181 The B/N atomic ratio was estimated based upon the integrated peak 
areas and the peak sensitivity factors (Figure 4.3b, c). The B/N atomic ratio is found 
to be within the 1:1.04−1:1.12 range, close to the 1:1 stoichiometric ratio for sp2 
bonded h-BN. The calibration of the peak positions for all the elements were done 
using C 1s peak at 284.8 eV as a reference (Figure 4.3d). 
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Figure 4.3: (a) Representative XPS survey spectrum of BNNS on melted Cu substrate. 
From the integrated peak area analysis of B 1s (b) and N 1s (c) peaks, a nearly 1:1 B/N 
atomic ratio is obtained, indicating sp2 h-BN formation. The Shirley background 
function was used for B 1s and N 1s peak background correction, and a 70% Gaussian, 
30% Lorentzian combined function was used for peak-fitting analysis. XPS of C 1s, O 
1s and Cu 2p peaks are shown in (d), (e) and (f). The small C 1s (c) and O 1s (d) peaks 
might have come from surface contamination by air in between the synthesis and the 
XPS measurements. The C 1s and O 1s peaks were also observed in a bare annealed 
Cu sample. 
 
Raman spectra of BNNS were obtained on a Renishaw InVia Raman 
spectrophotometer using a 514.5 nm Ar+ laser source. Figure 4.4 shows the typical B-
N stretching vibration mode (E2g) of h-BN on a SiO2/Si substrate.
219,281 The lower 
intensity of the E2g peak of M-BNNS reflects the fact of fewer atomic layers in 
comparison to S-BNNS.50,136,219,281 A peak shift of 3 cm-1 was also observed for M-
BNNS. In general, shifting of E2g peak can occur under different strain conditions 
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within the layers: a compressive strain results in a blue shift and a tensile strain in a 
red shift.50,135,219 For monolayer BNNS, several reasons have been proposed for the 
large blue shift, including hardening of the E2g phonon due to the shorter B-N bonds 
in the monolayer219, intrinsic wrinkles due to the substrate surface50, doping 
effects20,219, and lack of interaction between neighbouring layers.219 The blue shift in 
the BNNS case is likely to be associated with compressive strain and wrinkle 
formation. Thermal expansion mismatch between the BNNS and the Cu occurs during 
cooling, where Cu contracts and BNNS expands, giving rise to a compressive strain 
on the sheets.282 For the S-BNNS, the shift in E2g is negligible. It is reasonable to 
assume that less compressive strain exists in S-BNNS since the thermal contraction of 
the solid Cu substrate is much less than that of the melted Cu. In addition, thick S-
BNNS is less susceptible to the formation of wrinkles.  
 
Figure 4.4: Comparative Raman spectra of BNNS grown on solid and melted Cu 
substrates and then transferred to SiO2/Si substrate. 
 
Figure 4.5a shows a high angle annular dark field scanning TEM (HAADF-STEM) 
image of mono- and bi-layer regions of BNNS obtained at 80 kV. The fast Fourier 
transform (FFT) obtained from the whole image shows one group of distinct hexagonal 
symmetric spots, which indicates a highly periodic h-BN structure with no differences 
in rotational orientation between the layers. The darker and brighter regions in Figure 
4.5a have been identified as mono- and bi-layer BNNS, respectively.92 The FFT 
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filtered B mono-vacancy image (inset enclosed by the red square in Figure 4.5a) 
clearly indicates a missing B atom in the hexagonal network.  
 
A raw HAADF-STEM image of a monolayer h-BN region is shown in Figure 4.5b, 
where the relative darker and brighter regions in the hexagonal network can be 
assigned to boron and nitrogen atoms respectively. This is due to slightly higher atomic 
number of N than B atoms that causes Z-contrast intensity variation in the HAADF 
images238. An FFT filtered HAADF-STEM image of a monolayer h-BN is shown in 
Figure 4.5c. The line profile along the trace in Figure 4.5c confirms that the sp2 bonded 
B and N form a hexagonal honeycomb structure in the monolayer h-BN, while the 
presence of other elements would have been identified from the relative intensity 
difference.238 
 
Figure 4.5: (a) HAADF-STEM image of a bi-layer BNNS. The dark triangular region 
is monolayer h-BN, which was exposed after electron beam radiation removed the top 
layer. The FFT pattern in the top inset shows a distinct six-fold hexagonal pattern, 
characteristic of h-BN. The inset in the red square shows a FFT filtered B mono-
vacancy zone. (b) Raw HAADF-STEM image from a monolayer BNNS region. The 
heavier N atoms are slightly brighter than the B atoms. B and N atoms have been 
tagged with red and blue circles, respectively. (c) FFT filtered HAADF-STEM image 
of a defect-free h-BN mono-layer region and Line profile along the trace. 
 
The monolayer triangular region in Figure 4.5a was created by removing the B and N 
atoms from the top layer with an electron beam. The triangular geometry is probably 
associated with the more energetically favourable nitrogen edge termination in h-
BN.58,177 It is to be noted that the operation voltage (80 kV), used in this study is below 
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the critical knock-on energy of nitrogen of 84 kV. Nevertheless, both B and N have 
been found to be knocked out of the second layer. It can be deduced that B 
monovacancy defects were formed initially due to its lower knock-on energy of 74 kV, 
and consequently, both B and N atoms can be removed below their critical knock-on 
energy due to the presence of these defects.283 B monovacancy creation by electron 
beam has been also reported at higher operating voltage (120 kV).58    
 
Figure 4.6: Electron knock-on damage and layer opening in bi-layer BNNS, observed 
in ADF-STEM imaging mode at 80 kV: (a-d) Both B and N atoms were gradually 
knocked out of the top layer under electron beam irradiation, forming a triangle. 
HAADF-STEM image (d) can be an important tool to identify elements and the atomic 
layer thickness, by taking advantage of the Z-contrast.92 e) Direct layer identification 
from the intensity line profile analysis across the HAADF-STEM image in (d) clearly 
shows the vacancies, and the monolayer, and bi-layer BNNS regions. (d) was 
smoothed to lower the background noise in the line profile image in (e).  
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EELS was conducted to investigate the elemental composition and nature of the 
bonding in the BNNS. Figure 4.7a is the bright field (BF)-TEM image of a large BNNS 
region from where the EELS was taken (indicated in circle). The EELS spectrum 
(Figure 4.7b) confirms the presence of characteristic B K-edge and N K-edge peaks of 
h-BN, starting at 195 eV and 406 eV, respectively.31,50 The atomic ratio of B/N derived 
from the EELS spectrum is 1:1.16, close to the number based on the XPS results. It 
should be noted that this ratio can have an error of up to 12.2% due to uncertainty in 
the baseline determination31. The presence of 1s→π* and 1s→σ* anti-bonding orbitals 
next to B K- and N K-shell ionization edges confirms the formation of sp2 bonded h-
BN.21,31,50,281,284 The small C K-edge near 289 eV is from the residual poly(methyl 
methacrylate) (PMMA) on BNNS.21,50  
 
Figure 4.7: (a) A low magnification BF-TEM image of large area BNNS. (b) EELS 
spectrum acquired from the circled region in (a), showing the K-shell ionization edges 
of B and N, which confirms the sp2 bonded h-BN formation. The C peak possibly 
comes from the PMMA residues after the transfer.    
 
An aberration-corrected STEM study was conducted to confirm the formation of large 
single crystalline BNNS grown on the melted Cu. Figure 4.8a shows a low 
magnification HAADF-STEM image of the M-BNNS. Selected area electron 
diffraction (SAED) patterns were acquired from the specified regions circled in red in 
Figure 4.8a. One set of discrete six-fold symmetry patterns was obtained, with less 
than 1° rotational orientation difference between the patterns, suggesting ~ 4 μm2 
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single crystalline BNNS in that region. The dark areas in the image are voids, where 
the nanosheet was broken during the transfer process. A scrolled up nanosheet edge is 
identified in (a) by the white arrow. Some of the sheets were folded, which facilitates 
the quantification of the BNNS layers in the BF-STEM imaging mode. A statistical 
distribution of the BNNS layers from the analysis of 40 STEM images from different 
regions is shown in Figure 4.8c. Around 90 % of the BNNS are found to be mono- and 
bi-layer on melted Cu substrate. Figure 4.8c and d show the edges of mono- and bi-
layer BNNS, respectively.  
 
Figure 4.8: HAADF-STEM characterization of M-BNNS. (a) Low magnification 
HAADF-STEM image of M-BNNS. SAED patterns (bottom) were obtained from the 
four circled areas. The distinctive set of hexagonal spots in the SAED patterns 
indicates the single crystalline nature of the nanosheet within that region. The 
difference in rotational orientation in the four SAED patterns is less than 1°. (b) The 
statistical distribution of BNNS atomic layers based upon 40 BF-STEM images.   BF-
STEM images of (c) mono- and (d) bi-layer BNNS.  
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The homogeneity of the BNNS grown on melted Cu substrate can also be checked 
from the relative contrast in different areas of the nanosheet in a HAADF-STEM image 
(Figure 4.9). The similar ADF-STEM intensity in the 400 nm × 300 nm region 
confirms the large scale homogeneity of the BNNS grown on melted Cu substrate.    
 
Figure 4.9: (a) HAADF-STEM image of BNNS grown on melted Cu and (b) intensity 
profile along the line in (a). The similar intensity in the three zones indicates 
homogeneous BNNS in that region. The relatively bright regions are the PMMA 
residues.    
 
The crystallinity of the BNNS grown on solid Cu substrate was also checked by SAED 
analysis from different regions, similar to what has been described above. Figure 4.10a 
shows a low magnification BF-TEM image of a large area BNNS on holey carbon 
TEM grid. For S-BNNS, the SAED patterns (Figure 4.10b) obtained from four 
adjacent areas marked in the BF-TEM image (Figure 4.10a) does not indicate any fixed 
angular orientation between the layers. Moreover, each SAED pattern shows several 
sets of hexagonal spots, which is indicative of polycrystalline BNNS in that region. 1-
10 layers of BNNS were observed within few micron-sized BNNS, which indicates 
largely inhomogeneous BNNS growth on the solid Cu substrate (Figure 4.10). Figure 
4.10 (b-d) shows the BF-STEM images along the edges, indicating 3-, 7- and 10- 
layered BNNS having 0.3344 nm interlayer spacing.   
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Figure 4.10: (a) Low magnification TEM image of BNNS grown on solid Cu. SAED 
patterns obtained from the four areas marked in (a) show the polycrystalline nature of 
the BNNS. (b-d) BF-STEM images of S-BNNS. (b) 3-layered, (c) 7-layered, and (d) 
10-layered BNNS.  
 
4.3 Discussion 
There are several factors proposed as responsible for the observed differences in 
BNNS morphology and crystallinity when the nanosheets are grown on the solid and 
melted Cu. One key factor in growing large single crystalline BNNS is reducing the 
number of nucleation sites at the beginning of growth181, which has also been found to 
be critical for the CVD synthesis of large crystalline graphene.285,286 Due to the high 
interfacial energy along the defects (grain boundaries, rough edges, defect lines, 
impurities) on the solid Cu surface, the activation energy of h-BN nucleation is lower 
at those sites than within the smooth regions. This phenomenon can be clearly 
observed when the growth is carried out using a limited amount of ammonia borane.  
 
69 
 
Triangular h-BN domains are seen to grow preferentially along the manufacturing-
induced parallel defect lines and grain boundaries on the solid Cu surface (Figure 
4.11a, b). At the nucleation center of each triangular domain, minute triangular h-BN 
adlayers are clearly noticeable (inset in Figure 4.11a) (Numbers of layers are 
identifiable based upon the contrast in the SEM images.255) h-BN adlayers are also 
observed along the merging areas (inset in Figure 4.11c). Adlayers have been observed 
during the CVD synthesis of graphene.287 It has been proposed that carbon atoms 
diffuse between the Cu and the existing monolayer, reach the center, and then form the 
secondary adlayers. This is unlikely the case for BNNS, however, since the diffusion 
of the h-BN monomers would encounter much resistance due to their size. The 
formation of adlayers is associated with the defects, both at the center and at grain 
boundaries, of existing h-BN monolayer. The nucleation sites associated with substrate 
defects would cause strain in the existing monolayer, particularly prominent at the 
center, which favors further nucleation on top of the existing layer, thus leading to 
multiple BNNS on a solid Cu surface. When more ammonia borane (10-20 mg) is 
used, these triangular domains grow in the lateral direction and join up with the 
neighboring ones (Figure 4.11c). Along the joining lines, secondary h-BN nucleation 
is observed. Further increasing the amount of ammonia borane (i.e., 100 mg) results 
in complete coverage of the Cu surface, but with various small triangular h-BN islands 
on the top (Figure 4.11d). The coalescence of these domains occurs by the edge 
attachment of new diffused h-BN monomers. The diffusion rate of these monomers is 
limited on the solid Cu surface at 1000 °C in comparison to 1100 °C for melted Cu. 
The movement of these monomers is also inhibited by the defect lines on the surface. 
As a result, the crystal size of the BNNS on solid Cu is found to be much smaller than 
that on the melted surface (Figure 4.8 and Figure 4.10). Due to the effective catalyst 
contact, the h-BN growth rate of the first layer exceeds that of the adlayers. The island-
shaped domains grow in the lateral direction in the presence of sufficient borazine and 
ultimately join up with the neighboring domains. This leads to a large BNNS with a 
large number of adlayers attached to the sheet. Accordingly, S-BNNS growth follows 
the Volmer-Weber island model.192  
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Figure 4.11: SEM images S-BNNS and M-BNNS at different growth stage, with the 
insets showing corresponding images at higher magnification. For solid Cu, (a), (b) h-
BN triangular domains with adlayers at the nucleation centers start to grow 
preferentially along the defect lines and grain boundaries. (c), (d) more ammonia 
borane results in new h-BN domains while the initial triangular domains grow in the 
lateral direction and coalesce with their neighbors to form a continuous sheet. For 
melted Cu, (e), (f) initial h-BN domains grow randomly on the surface due to the 
absence of defect lines and grain boundaries. Increasing the amount of ammonia 
borane leads to a complete coverage. For the whole process, no adlayer growth is 
observed. The scale bars are 5 μm in the images and 1 μm in the insets. 
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Melting the Cu eliminates grain boundaries and other high energy defects, which then 
effectively reduces the number of nucleation sites. The h-BN nucleation starts with the 
supersaturation of the borazine molecules288 over random locations on the melted 
surface. The initial h-BN domains are monolayer in nature, with no observable 
adlayers on top (Figure 4.11e). After the initial h-BN nucleation, the smooth defect-
free melted Cu surface provides a lower kinetic energy barrier and longer diffusion 
distance for the h-BN monomers to travel, adjust, and attach themselves to the existing 
nuclei in an oriented way. Such a growth process can, therefore, lead to the formation 
of large single crystalline BNNS. Increasing the amount of ammonia borane (100 mg) 
causes the single layers to join together, and finally, a large continuous and wrinkled 
nanosheet is obtained (Figure 4.11f). The presence of up to 3 layers (< 10 %) of BNNS 
on the melted Cu suggests that the growth is not surface-limited. The growth pattern 
can be described using the Stranski-Krastanov model.192  
 
The Cu foil surfaces of as-received, HNO3 acid etched, 1000 °C annealed, and 1100 
°C treated (melted) samples were analyzed. Defect lines developed during the 
manufacturing process and after HNO3 acid treatment are clearly visible from the 
optical images (Figure 4.12a, b). After annealing at 1000 °C, grain boundaries are more 
noticeable, while the intrinsic defect lines are less identifiable (Figure 4.12c). A very 
smooth surface with almost no defects is observed for the melted Cu (Figure 4.12d). 
Root-mean-square (RMS) roughness values of the as-received Cu range from 112 to 
258 nm in five 10 × 10 μm2 sized areas. After the HNO3 acid etching treatment, the 
roughness value decreases slightly to 90-194 nm. Annealing the HNO3 acid treated Cu 
foil at 1000 °C under H2/Ar flow effectively lowered the roughness value to 7.023-
10.21 nm, with a further improvement to 4.681-4.761 nm for the melted Cu.  
 
Surface Cu oxides (Raman peaks at 526 cm-1 and 617 cm-1 assigned to Cu2O
289–291) in 
the as-received Cu can be largely eliminated by the HNO3 acid etching treatment 
(Figure 4.13). Raman analysis of the surfaces of the annealed solid and melted Cu 
picked up negligible amounts of Cu oxides (Figure 4.13).   
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Figure 4.12: Optical microscope images and Raman spectra of different Cu substrates. 
(a) as-received, (b) 10 % HNO3 acid etched, (c) 1000 °C annealed, and (d) 1100 °C 
melted Cu substrate. Scale bar is 50 μm. The inset in each of the images shows the 
three-dimensional (3D) AFM height profile across a 10 x 10 μm2 area. The color bar 
is within the 0 to 1 μm range in all the insets.  
 
Figure 4.13: Raman spectra of Cu foil surfaces. 
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An interesting phenomenon was observed when the BNNS growth was carried out on 
solid Cu at 1050 °C. At this temperature, initial h-BN domain formation is not found 
to occur preferentially on the original Cu grain boundaries (Figure 4.14). Furthermore, 
no adlayers on the initial domains (as at 1000 °C) were observed under SEM. With 
more ammonia borane (50 mg), multilayer nanosheet with small h-BN adlayers on the 
top are observed. It is understood that the Cu surface undergoes a significant 
recrystallization process as the temperature approaches the melting point (1083 °C), 
resulting in a smoother surface and larger grains. At this temperature, the diffusion 
kinetic energy of h-BN monomers is expected to be higher than that at 1000 °C, which 
is conducive to the formation of large h-BN domains. The insensitivity to high energy 
grain boundaries of the initial h-BN nucleation is not fully understood, however. 
Detailed theoretical and experimental investigations are required for this, which is 
beyond the scope of this study.   
 
Figure 4.14: SEM images of BNNS grown at 1050 °C. (a) No preferential nucleation 
sites are observed for the initial h-BN domains. (b) Large and mixed multilayer BNNS 
with small adlayers on the top are found when more ammonia borane is used. Scale 
bar is 5 μm.  
 
4.4 Conclusion 
Micron-sized single crystalline and mostly mono- and bi-layer BNNS can be grown 
on melted Cu substrate, in contrast to largely inhomogeneous, 1–10 layer thick, 
nanocrystalline BNNS on the solid Cu substrate. Characterization of the BNNS grown 
on solid and melted Cu substrates in XPS and EELS confirmed close to stoichiometric 
1:1 B/N ratio and sp2 bonded h-BN. Possible BNNS growth processes on both solid 
and melted Cu surfaces have been discussed. The smooth and nearly defect-free 
surface of the melted Cu is believed to play the key role in the growth of high quality 
BNNS. 
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Chapter 5  
 
Carbon- and crack-free growth of BNNS, its 
uncommon stacking orders, and EELS assisted 
thickness analysis 
 
5.1 Introduction  
The highly electrically insulating nature, structural similarity to graphene, and atomic 
flatness (sp2 bonding) make BNNS a superior substrate for graphene-based 
electronics.19 Moreover, the high-temperature stability in air91, chemical inertness93, 
transparency in its 2D form219, and deep ultraviolet (UV) luminescence63 make BNNS 
a promising candidate for anti-corrosion, and nano- and optoelectronics applications. 
These applications require large BNNS with controlled and uniform thickness, and 
enormous efforts have been devoted to achieving these characteristics. CVD is the best 
method so far with the potential to produce BNNS with these properties, especially a 
large lateral size. Various CVD growth parameters require optimization since they can 
have dramatic impacts on the quality of the nanosheet. These parameters include, but 
are not limited to: choice of substrate and its treatment; choice of precursor and its 
concentration; growth temperature, pressure, and duration; heating and/or cooling rate; 
type of carrier gas and its flow rate; and the tube material. For example, high-
temperature growth159 and substrate treatments (electropolishing181, melting157, 
extended high-temperature annealing23) can improve the crystal size of BNNS. Ultra-
high vacuum (UHV) systems enable the formation of monolayer BNNS on Ni (111) 
substrates.7,8 Also, the precursor decomposition temperature90,292 and growth time90 
can be modulated to grow mono- to few-layer BNNS. In view of the importance of the 
CVD method, in the first section of this chapter, the effects of the treatments of 
precursor and Cu substrate, and the influence of the quartz tube on the quality of BNNS 
are discussed.  
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The most stable structure of h-BN adopts an AA´ stacking, where B atoms sit on top 
of N atoms and vice versa in the adjacent layers. According to theoretical studies, AA´ 
and AB (Bernal) stacking have a minimal energy difference.47,48 Both stacking orders 
have been detected using DF-TEM46 in CVD grown BNNS. AB stacking has also been 
reported in chemically exfoliated BNNS, and this is attributed to the presence of 
impurities in between the layers, which modify the AA´ stacking towards AB 
stacking.293 In high-temperature CVD growth, the electrostatic forces that dictate the 
optimal stacking mode in h-BN294 are disturbed by the high kinetic energies of the 
atoms, and the film may adopt various stacking orders.48 Taking advantage of the 
direct elemental identification achievable through annular ADF-STEM Z-contrast 
imaging295, the CVD grown BNNS on solid Cu surfaces and their stacking orders have 
been analyzed. In the second section of this chapter, the observations of AB, ABA, 
AC´, and AC´B stacked BNNS using aberration-corrected STEM are discussed. 
Raman analysis, SEM, AFM, and HR-TEM have been used to identify the thickness 
of BNNS. In the Raman spectrum, however, differences in the intensity and position 
of peaks caused by thickness are minute and therefore do not permit reliable thickness 
determination.219 Contrast differences observed in SEM imaging are indicative of the 
differences in thickness, but other techniques have to be combined with SEM to 
quantitatively determine the exact layer numbers.181,296 For AFM analysis, the 
presence of water or impurities underneath the BNNS often distorts the height profile 
of h-BN.45,219 In the third section of this chapter, a method to identify monolayer and 
few-layered BNNS based upon EELS and on EELS near-edge fine structure (ELNES) 
of the N edge is discussed.  
 
5.2 Results 
5.2.1 Impact of precursor purity 
BNNS was respectively grown on solid and melted Cu substrates in a quartz tube under 
atmospheric pressure CVD (AP-CVD) process, using ammonia borane as the 
precursor157 (See the experimental section). Ammonia borane has been the most 
common precursor to the CVD growth of BNNS. In the literature, ammonia borane is 
used in the as-received condition and there has been no report on the impact of 
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impurities on the growth. Commercial ammonia borane from Sigma-Aldrich is 97 % 
pure. Although the exact manufacturing method is unclear, a wet chemistry route is 
likely297–299 and trace amounts of hydrocarbon solvents would remain trapped inside 
the solid ammonia borane. The amount of impurities is believed to be very low since 
they were not detected using 11B nuclear magnetic resonance (NMR) and 1H NMR 
spectroscopy (not shown).  
 
In this work, using the as-received ammonia borane (100 mg) resulted in micron-sized 
dark spots on top of the BNNS, grown on both melted and solid Cu substrates, as 
shown in the SEM images (Figure 5.1a, b). Note that this has been observed in several 
batches of ammonia borane from Sigma-Aldrich. In a control experiment without 
ammonia borane precursor, no such dark spots on Cu substrates are observed, 
confirming that they arise from the precursor. Raman analysis of these regions (marked 
in circle in the optical image of Figure 5.1c) revealed the presence of graphite (Figure 
5.1d). The first images of Figure 5.1e and f, are the high-resolution secondary electron 
images of a representative dark spot regions that were observed in the SEM images in 
Figure 5.1a and b respectively. The corresponding EDX mapping analysis (in TEM at 
80 kV operating voltage) from these spots clearly reveals the prominent presence of 
carbon (Figure 5.1e, f). Presences of many SiOx nanoparticles on and around these 
graphitic carbon spots are also detected, which probably originated from the quartz 
tube that was used during the CVD growth of BNNS. Figure 5.1g is the BF-TEM 
image of a dark spot region. HR-TEM imaging reveals an entangled graphite-like 
structure (Figure 5.1h). To remove the residual organic impurities, the ammonia 
borane was washed with pentane four times. The pentane-treated ammonia borane was 
then heated at 40 °C overnight under dynamic evacuation. Since pentane can dissolve 
most organic solvents, it is an effective cleaning agent, and since it has a very low 
boiling point (36 °C), any pentane residue can be readily removed under vacuum at 
temperatures below the ammonia borane decomposition temperature (55-130 
°C).50,90,300 This treatment effectively removed the dark spots (Figure 5.1i). Keeping 
the as-received ammonia borane under vacuum for around one week at room 
temperature can also yield BNNS without dark spots. 
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Figure 5.1: Impact of impurities in the precursor on the growth. SEM images (a) and 
(b) show that as-received ammonia borane leads to the formation of graphite-like 
structures (appearing as dark spots) on top of BNNS. (c) Optical microscopy image of 
the BNNS grown on solid Cu substrate using as-received ammonia borane. (d) Raman 
spectrum from the circled spots in (c) shows the ID (1334.04 cm
-1), IG (1585.11 cm
-1), 
and I2D (2657.45 cm
-1) peaks of graphite.  (e) and (f) High-resolution secondary 
electron image with corresponding EDX mapping (scanning TEM mode, 80 kV 
operating voltage) of C, O and Si. The presence of carbon in the spotted regions is 
clearly noticeable. (g) BF-TEM image of a dark spot region. (h) HR-TEM image of 
the dark spot reveals a layered graphitic structure. (i) SEM image of BNNS on top of 
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solid Cu substrates without any noticeable dark spots when pentane-treated ammonia 
borane was used. Inset is the SEM image of BNNS on melted Cu substrate. The 
absence of dark regions (compare with (a)) indicates that treating ammonia borane 
with pentane followed by evacuation can effectively remove the residual organic 
contaminants. 
 
5.2.2 Impact of carrier gas and tube material  
To understand the carrier gas effects on the BNNS growth, the BNNS growth on 
melted Cu substrates was carried out under ultra-high pure (UHP, >99.999 % purity) 
H2, Ar, and 10% H2/Ar mixture, respectively. H2 is believed to remove the oxide layers 
from the Cu substrate at high temperatures and, therefore, help to control the 
nucleation. Although, there have been reports suggesting H2 can etch the 
BNNS162,221,292,301; using UHP H2 as a carrier gas, BNNS on melted Cu substrate can 
be readily obtained (Figure 5.2a), where islands of BNNS are highly visible (inset of 
Figure 5.2a). However, SiOx nanoparticles and crack lines are still detected inside the 
nanosheet (denoted by green arrows in Figure 5.2a). Several reports are available 
where BNNS was synthesized under pure hydrogen gas atmosphere149,180,302, thus 
corroborating the experimental results. Under UHP Ar atmosphere, large micron-sized 
particles on top of the Cu substrate are found (Figure 5.2b) and only traces of BNNS 
are observed after the growth (Inset of Figure 5.2b). EDX mapping analysis (Figure 
5.2d, e) along those particles (dark under SEM contrast, Figure 5.2c) indicates those 
as SiOx. The growth under pure Ar gas atmosphere cannot remove the residual oxide 
layers from the Cu substrate. Also, the presence of any oxygen impurities inside the 
quartz tube (even after evacuation/argon gas backfilling three times at the start of the 
experiment), can readily etch the BNNS at 1100 °C, likely forming boron oxides and 
ammonia gas. SiOx may initially start as tiny particles over the Cu substrate, and during 
the nanosheet etching at high temperatures under Ar environment, they start to 
agglomerate together forming such large particles. Thus, to minimize extensive 
etching of the BNNS, exposure of SiOx nanoparticles towards the nanosheet should be 
kept at a minimum, if not can be avoided completely. A mixture of hydrogen and argon 
gas looks essential to avoid three-dimensional BNNS growth and to suppress the 
formation of large SiOx particles.  
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Figure 5.2: Effect of carrier gas on the BNNS growth. (a) Using UHP Hydrogen gas 
(99.999 %) as a carrier gas can produce BNNS on melted Cu substrate. Inset is the 
high magnification image of the BNNS islands, showing a 3D growth of BNNS in 
those regions. (b) Traces of BNNS are observed if only UHP Argon gas (99.999 %) 
was used as a carrier gas. Large particles (black under SEM contrast) are also found 
on top of Cu substrate. Inset is the SEM image of a portion of BNNS on Cu substrate. 
(c) SEM image of three particles which have joined each other. (d) and (e) EDX 
mappings show that silicon and oxygen clearly overlap with the region of the particles, 
indicating the particles are SiOx.   
 
5.2.3 Crack free growth of BNNS 
As has been mentioned in the previous chapter, BNNS on solid Cu tends to be 
multilayered, with a grain size of a few hundred nanometers while on melted Cu, it is 
mostly 1-2 layered with a much larger grain size of several microns. Since melted Cu 
is beneficial towards the control of thickness and grain size, it is further optimized to 
control the growth of BNNS. The flatness of the substrate and cooling rate are found 
to significantly affect the quality of the final product. W foil is used as a support since 
melted Cu has a better wettability on it. When Cu and W foils are used without 
flattening, an ellipse-shaped Cu surface on the W foil is formed after solidification 
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(Figure 5.3a), and this is likely due to the poor contact between Cu and W. Flattening 
both the W and the Cu foils by mechanical press prior to growth creates good contact 
between them and helps to create uniform wetting of the Cu on the W foil (Figure 
5.3b).  
 
Figure 5.3: Digital camera images of Cu foils on W after 1100 °C melting and then 
solidification.  (a) With no flattening of the Cu and W foils, an elliptical shaped Cu 
surface is formed on the W, while (b) flattening the foils can produce a uniformly 
wetted Cu surface on the W foil. 
 
This ellipse shape causes a large temperature gradient from the edge towards the center 
when the melted Cu is rapidly solidified (Figure 5.4a). Due to the latent heat of fusion, 
the central region stays molten after the thin edges have solidified. Therefore, BNNS 
on the edges of the substrate contracts, while BNNS at the center floats on the molten 
Cu. This generates a tensile stress along the interface between the two regions, which 
causes large cracks hundreds of microns wide (Figure 5.4b) and extensive crumpling 
of the sheet around the center (Figure 5.4b). Along the edges (Figure 5.4c), micron-
wide cracks (identified by yellow arrows) are observed among the nanoscale cracks 
that spread out in the nanosheet (identified by green arrows).  
 
Flattening both the W and the Cu foils prior to growth creates good contact between 
them and helps create uniform wetting of the Cu on the W foil. The thermal gradient 
in the Cu substrate during cooling is therefore largely minimized. With slow cooling 
near the melting point, BNNS that is free of large cracks and wrinkles, thus, can be 
made reproducibly (Figure 5.4d). Nanoscale cracks with nanoparticles inside, 
however, are still observed (Figure 5.4e). These nanoparticles are found to be silicon 
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oxides (SiOx) (EDX analysis, inset in Figure 5.4f), which are likely to have originated 
from the quartz tube used for CVD. These nanoparticles are believed to etch h-BN and 
consequently generate minor cracks along the etching points (discussed further in a 
later section). 
 
Figure 5.4: Schematic illustration of growth of BNNS on melted Cu substrate: (a) 
When the Cu and W foils are not flattened prior to growth, large cracks are visible. (b) 
SEM image of large cracks, hundreds of microns wide, around the center of an 
elliptical shaped Cu substrate, which is caused by the different shrinkage rates of the 
Cu on solidification due to the large thermal gradient. Inset is a high magnification 
SEM image from the highlighted region showing large crumples. (c) SEM image of 
relatively small cracks (identified by yellow arrows) near the edges of the Cu substrate. 
(d) When the Cu and W foils are flattened and the cooling rate is slow through the 
melting point, only small cracks are observed. (e) On the flattened foils, crumples and 
large cracks are largely minimized. (f) Enlargement of the image in (e), with the EDX 
spectrum (inset) indicating the presence of SiOx which is highlighted by red circles in 
(c), (e), and (f). The presence of nanoscale cracks (indicated by green arrows in (c), 
(e), and (f)) is possibly initiated by SiOx nanoparticle etching. 
 
Lowering the cooling rate through the Cu melting point (parameters are in the 
experimental section, Figure 3.2) in an ellipse-shaped Cu surface, can suppress the 
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formation of large micron-sized cracks, but does not eliminate them completely 
(Figure 5.5). 
 
Figure 5.5: When the Cu and W foils were not flattened prior to the growth, cracks 
generated at the centre of an elliptical shaped Cu surface cannot be avoided, even with 
a slow cooling through the Cu melting point. 
 
Quartz is the most commonly used tube material for the CVD growth of 
BNNS.50,136,143,281 Carrying out the growth inside a quartz tube, however, often 
generates SiOx nanoparticles, which etch the nanosheet and ultimately create small 
cracks in the nanosheet (Figure 5.4c, e, f). Replacing the quartz tube with an alumina 
tube, or effectively insulating the BNNS from SiOx nanoparticles is expected to yield 
better quality BNNS. Several experiments were attempted still using quartz tubes, but 
with the Cu/W substrate placed in an alumina boat. A small alumina boat is then placed 
upside down in it but with a slim aperture allowing borazine gas to access the substrate 
(Figure 5.6a). SiOx nanoparticles have been largely eliminated, and nearly crack free 
BNNS is obtained (Figure 5.6b). 
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Figure 5.6: (a) Schematic illustration of the BNNS grown in a confined space. Cu/W 
foils are kept inside two alumina boats to minimize direct exposure to SiOx 
nanoparticles. A slim opening was maintained to allow the precursor gas (mainly 
borazine gas from the decomposed ammonia borane) to make contact with the Cu 
surface. (b) SEM image of large and nearly crack free BNNS. Very few SiOx 
nanoparticles are observed. The striations are probably due to small crumples. 
 
5.2.4 DF-TEM analysis of the crystallinity of BNNS 
Solid and melted Cu substrates can dramatically affect the thickness and crystallinity 
of BNNS, which is highly visible in the DF-TEM images (Figure 5.7). These images 
were acquired by imaging with a diffracting spot from one particular pattern. These 
images were then colored and merged.205,236 Figure 5.7a shows a BF-TEM image of 
two BNNS triangular islands that overlap. The two sets of hexagonal spots obtained 
from the dotted circular region in Figure 5.7a suggest that these two triangular grains 
have a relative rotation of about eight degrees, as determined from the vertical angle 
of the two lines in Figure 5.7b. A schematic diagram of the arrangement of the two 
BNNS triangular islands and the related SAED patterns from the circled regions are 
presented in Figure 5.7c. DF-TEM images (Figure 5.7d, e) formed by selecting the 
ringed spots 1-210 (green and red circles in Figure 5.7b) from the two different crystals 
highlight the regions comprising a seven-layered BNNS triangular pyramid (colored 
green) and the other BNNS triangle (colored red). Figure 5.7f shows a montage of the 
two BNNS triangular islands where the two differently oriented crystals are easily 
recognized by their colors.  
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Figure 5.7: Grain size analysis using the DF-TEM technique. (a) BF-TEM image of 
two merged BNNS triangles. (b) SAED pattern of the overlapping region (marked by 
a dotted circle in (a)) shows two sets of spots with a hexagonal symmetry. (c) 
Schematic diagram of the overlapping triangular pyramids and the corresponding 
SAED patterns from the marked circular areas. (d) and (e) Color-coded DF-TEM 
images, derived by selecting the ringed (red and green) 1-210 spots in (b). (f) 
Combined DF-TEM image, obtained by merging the images in (d) and (e). (g) DF-
TEM images show that BNNS grown on solid Cu is polycrystalline, and the grains are 
mostly a few hundred nanometers in size. Some overlapping grains are identifiable 
from their mixed colors. (h) Large single-crystalline BNNS of several microns in size 
is obtained on melted Cu substrate. Inset is the red green blue (RGB) color model 
image.  
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This technique was applied to image the crystallinity of BNNS grown on both solid 
and melted Cu substrates (Figure 5.7g, h). Large numbers of differently oriented small 
crystals with lateral sizes of a few hundred nanometers are readily identifiable for the 
BNNS grown on the solid Cu sample, within the 2.4 μm × 2.4 μm area (Figure 5.7g). 
In some regions, there are overlappings of different crystals, as indicated by the mixed 
colors. In contrast, for the BNNS growth on melted Cu substrate, a single crystalline 
region of 4.25 μm × 2.4 μm is observed (Figure 5.7h). The larger crystalline BNNS on 
the melted Cu substrate compared to the solid Cu substrate can be attributed to the 
absence of grain boundaries, step edges, rolling-induced topography, and other defects 
in the liquid Cu surface.157 
 
5.2.5 Stacking order of CVD grown BNNS 
The stacking order of bi-layers of BNNS grown on melted Cu substrate was analyzed 
first. Figure 5.8a is the low magnification BF-TEM image of BNNS that was grown 
on melted Cu substrate. The SAED pattern from the circular area marked in Figure 
5.8a shows three sets of hexagonal spots. Using a small aperture filter along the each 
spot marked in Figure 5.8b, the corresponding DF-TEM images can be obtained 
(images are marked by 1, 2 and 3 in Figure 5.8). Figure 5.8c is the combined DF-TEM 
images, where two BNNS domains (colored in red and green respectively) are seen 
overlapped with each other. The appearance of yellow color ribbons (due to the mixing 
of red and green colors, according to RGB color model which is shown in Figure 5.7) 
across the domain boundary region confirms that the two domains are overlapped. The 
region was also analyzed under HAADF-STEM imaging mode (Figure 5.8d). An FFT 
from this region reveals 9.6° rotational orientation difference between the sheets, 
which matches the angular difference in the SAED pattern of the two related crystals 
(Figure 5.8b). An FFT filtered image of Figure 5.8d clearly demonstrates the formation 
of Moire pattern in that region, indicating the absence of any ordered stacking in these 
bi-layers (Figure 5.8f). Thus, the bi-layers of BNNS on the melted Cu substrate are 
mostly located along overlapping edges of two BNNS crystals. 
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Figure 5.8: (a) BF-TEM image of BNNS on a lacey carbon TEM grid. (b) SAED 
pattern taken from the red-circled spot in (a) reveals three differently oriented h-BN 
crystals in that region. 1, 2, and 3 are DF-TEM images obtained along the red, green, 
and blue aperture filters marked in (b). (c) Combined DF-TEM color image (from 1, 
2, and 3) reveals the crystalline structure in each region. Overlapping is observed along 
grain boundaries. (d) Raw ADF-STEM image from the overlapped region shown in 
(c). (e) FFT pattern obtained from (d), showing two different sets of hexagonal spots, 
rotated about 9.6° with respect to each other. (f) FFT filtered image of (d) showing a 
clear Moiré pattern developed due to the absence of definite stacking orders.  
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The stacking sequences in the BNNS grown on solid Cu substrate, from bi-layer region 
to multilayer triangles, were then studied using aberration-corrected HAADF-STEM. 
HAADF-STEM images are very sensitive to the thickness and atomic number295, 
which allows the composition of the atom/column sites to be identified238, and 
consequently, the number of layers and the stacking order to be elucidated. Due to the 
multilayer nature of BNNS on solid Cu substrate, the numbers of layers present in a 
particular BNNS region was determined first, by the focused electron beam rastering 
over an area of ~ 2 nm by 2 nm. Electron beam-induced ablation caused layers of 
BNNS within this region to be stripped away until a hole formed. It was then possible 
to measure the changes in intensity in the HAADF-STEM images relative to that of 
the hole (vacuum). The intensity profile in Figure 5.9b shows the background signal 
of the hole and stepwise increase in intensity due to additional BN monolayer.  
 
Figure 5.9: (a) Raw HAADF-STEM image where a hole (dark) is visible. (b) Intensity 
profile along the rectangle in (a) shows a stepwise increment in intensity corresponding 
to vacuum, 1 layer, and 2 layers of BN.  
 
Figure 5.10a shows an HAADF-STEM image with a monolayer region in the center 
and a bi-layer around it. The intensity profile (the profile next to Figure 5.10a) from 
the monolayer clearly identifies the N and B atoms due to their different atomic 
number (the signal intensity is sensitive to approximately the atomic number squared), 
and it is clear that the centres of the hexagonal cell (marked with arrows) are empty. 
The corresponding profile taken from the bi-layer region shows that there is now an 
atom at the center of the hexagonal cell (marked with arrows). The intensity profile 
suggests that the N atoms of the second layer are superimposed on the B atoms of the 
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first layer, and the B atoms of the second layer sit at the centers of the hexagonal cells 
of the first layer. This corresponds to AB stacking, which is the energetically favored 
structure.46–48 This is confirmed by the broad agreement between the experimental 
results and an HAADF-STEM simulation of an AB stacking sequence (Figure 5.10a).  
Figure 5.10b shows an HAADF-STEM image of three-layer and four-layer regions. 
The image has been deconvoluted using the maximum entropy method, as 
implemented by the DeConv HAADF plug-in from HREM Research Inc., to reduce 
noise and enhance contrast. This region is part of the same crystal shown in Figure 5a, 
in which the first two layers are confirmed to have an AB sequence. Therefore, in the 
third layer, there are six different stacking possibilities, i.e. ABA, ABA´, ABB, ABB´, 
ABC, and ABC´.  By comparing the simulated images from these candidate structures 
(Figure 5.11) with the experimental HAADF-STEM image (Figure 5.10b), the 
possibilities can be narrowed down to ABA, ABB´ or ABC´. The intensity profiles 
arising from these possibilities were then simulated and compared with experiment. 
The intensity profile simulated on the basis of ABA stacking (the profile next to Figure 
5.10b) provides the best match with experiment. Confirming the three layer sequence 
to be ABA, the four layer region in Figure 5.10b can have again another six types of 
stacking such as ABAA, ABAB, ABAC, ABAA´, ABAB´, ABAC´. However, this 
intensity matching analysis was not continued beyond three layers, since as the number 
of layers increases, the contrast variations become smaller, and due to the inherently 
noisy signal in the experimental images, reliable and unambiguous matching becomes 
impossible. 
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Figure 5.10: Identification of stacking orders in BNNS. (a) FFT filtered HAADF-
STEM image of BNNS showing bi-layer surrounding a monolayer region. Simulated 
images together with normalized experimental (black) and calculated (red) intensity 
profiles along the arrows are shown. The center positions of the hexagonal cells are 
marked by black arrows. The experimental bi-layer structure matches that calculated 
for AB stacking. (b) Deconvoluted HAADF-STEM image of the 3/4-layer region, 
where the trilayer is ABA stacked. (c) FFT filtered HAADF-STEM image of bi-/tri- 
layer region. The bi-layer adopts AC´, and the tri-layer is AC´B stacked. 
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ABA stacking          ABA´ stacking         ABB stacking 
     
ABB´ stacking          ABC stacking        ABC´ stacking 
Figure 5.11: Simulated annular ADF-STEM images of the six different types of h-BN 
stacking possible for the tri-layered BNNS in Figure 5.10b. The first two layers of this 
tri-layered structure have been found to be AB (Figure 5.10a). Therefore, six other 
stacking orders are possible in the third layer.   
 
In the CVD grown BNNS on solid Cu substrate, the AC´ stacking order was also 
observed in the first two layers, as observed in the HAADF-STEM image in Figure 
5.10c. This structure has been theoretically predicted to be highly energetically 
unfavorable. The HAADF-STEM simulated image and the intensity profile along the 
<0100> direction (white arrows) show a very good match with the experimental 
intensity profile for the bi-layer region (Figure 5.10c). As with the preceding case, 
probing the stacking order of the surrounding tri-layer region was carried out. The 
good match between the experimental and simulated intensity profiles strongly suggest 
that the tri-layer is AC´B stacked. Simulated HAADF-STEM images of all the bi- and 
tri-layer stacking are summarized in Figure 5.12.  
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  AB stacking   AB´ stacking            AB´A stacking           AC Stacking  
 
  ACA stacking ACC stacking           ACC´ stacking           AC´ stacking 
 
   AC´A stacking  AC´A´ stacking          AC´C stacking        AC´C´ stacking 
    
  AA stacking              AAB stacking         AAC stacking          AAC´ stacking 
 
  AA´ stacking  AA´B stacking         AA´C stacking        AA´C´ stacking 
Figure 5.12: Simulated ADF-STEM images of bi- and tri-layers of BNNS, having 
various stacking configurations.  
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It is hard to estimate the relative proportions of various stacking orders reported here 
since ADF-STEM is a highly localized technique. A wider study would be needed in 
order to provide a good statistical analysis of the preferential growth sequence in CVD 
grown BNNS. Different physical properties may arise when stacking orders in h-BN 
change. It has been demonstrated that AA and AB stacking in bi-layer h-BN impart 
different optical and topological properties.46 When used as the substrates in 
nanoelectronics, the various stacking orders in BNNS may affect the electronic 
properties of the devices. To experimentally probe these relationships, it would be 
ideal to control the stacking order over a large BNNS.  
 
5.2.6 EELS analysis to identify monolayer BNNS from the few-layer 
The intensity profile that is generated based upon the HAADF-STEM images (Figure 
5.10) can be correlated to determine the thickness of the BNNS (Figure 5.9), but this 
requires the presence of a background (vacuum signal) as a reference. The thickness 
determination can also be effectively done without drilling a hole in the film (under 
highly localized beam scanning/electron beam ablation). EELS is found as an effective 
method to differentiate 1 layer from 2+ layers by means of ELNES of the N edge, 
particularly for monolayers, and by quantitative EELS analysis of extracted core loss 
edge intensities. Figure 5.13a shows an HAADF image of a tetrahedrally-shaped 
multilayer BNNS island, where the edges of the layers appear bright. This is most 
noticeable around the base of the tetrahedron, where some contamination (mainly 
residual poly(methylmethacrylate) (PMMA)) is present. The EELS spectrum (not 
shown) did indicate the presence of C as well as B and N. The island is believed to sit 
on a large BNNS monolayer. An EELS core-loss spectrum image was acquired from 
the rectangular region (Figure 5.13a). The spectrum image was processed to remove 
the background signal by fitting an exponential in front of each edge of interest. The 
edge of interest was then integrated over a 30 eV wide window, starting at 
approximately halfway up the leading edge of the core loss edge of interest. The N K-
edge color map is shown in Figure 5.13a with the number of layers labelled. The 
thickness intensity profile (b) derived from this map indicates seven distinct steps, each 
of around 45 x 104 counts per step. The intensity of the first step was measured to be 
44 x 104 counts – indicating that it is a monolayer rather than some multiple thereof. 
Mapping the B edge (not shown) produced very similar results. The spike that occurs 
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at the step between the monolayer and bi-layer is real and is evident in both the 
HAADF image and the elemental map (Figure 5.13a). This most likely arises from 
contamination that is built up around the base of the tetrahedral BNNS island. Using 
quantitative EELS to map the N K (or B K) edge intensity across steps, enables the 
average intensity per step to be determined. From this, it is possible to estimate whether 
the thinnest region of the specimen consists of a monolayer, or is a multilayer, and if 
so, how many layers are present.  
 
Figure 5.13c shows an EELS spectrum of the N K-edge from a monolayer of h-BN 
(red). This was confirmed to be a monolayer from direct imaging by HAADF-STEM. 
Equivalent EELS spectra for bi-layer (green) and 8-layer (blue) BNNS are also shown. 
The fine structure differences between the 2 and 8 layers are minimal. Nevertheless, 
subtle differences exist between the spectra from multilayer and monolayer films. The 
peak at 418 eV, which is highly apparent for multilayer films, is noticeably absent 
from the monolayer spectrum. According to McDougall et al.284, this peak is the result 
of anti-bonding interactions involving N-2s orbitals and B-2pxy orbitals. Since this 
interaction can only occur between layers, its absence is indicative of a monolayer.  
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Figure 5.13: Using EELS to identify the number of layers of BNNS: (a) HAADF 
image of 8-layered BNNS in a tetrahedrally-shaped island. EELS spectral imaging was 
acquired from the marked rectangular region. The N K-edge color intensity map of the 
rectangular region in (a) with layer numbers is shown. (b) Intensity profile across the 
map showing 8 distinct layers. The spike at the first step is due to contamination along 
the base of the tetrahedrally-shaped BNNS island. (c) EELS spectra of the nitrogen K-
edge for 1, 2, and 8 layer BNNS. The peak at 418 eV appears from regions 2 or more 
layers thick but is absent in the spectrum of the monolayer. 
 
5.3 Conclusion 
Methods to improve the quality of BNNS grown on a Cu substrate using CVD have 
been demonstrated in this chapter. Washing the ammonia borane precursor with 
pentane, followed by vacuum drying effectively removed the organic impurities that 
are responsible for the formation of graphite-like structures on top of the BNNS. The 
quartz tube is conducive to the formation of SiOx nanoparticles that etch the film. The 
formation of SiOx nanoparticles can be largely eliminated by shielding the growth 
substrate inside a confined space between two alumina boats. By flattening the Cu/W 
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substrate prior to growth and by using slow cooling through the Cu melting point, large 
single crystalline monolayer h-BN with sizes larger than 4.25 μm × 2.4 μm can be 
obtained. It is demonstrated that CVD grown BNNS adopts AB, ABA, AC´, and AC´B 
stacking orders, which are known to have higher energies than the most stable AA´ 
configuration. EELS has proven to be effective in determining the number of layers 
by means of N K-edge ELNES. The N K-edge ELNES is sensitive to the number of 
layers, with an energy loss peak at 418 eV being absent for monolayer but present for 
multilayer films. N (or B) K-edge quantification enables relative film thickness 
changes at steps in the film to be measured and thus the absolute number of monolayers 
in a film to be obtained without reference to the intensity of the background (vacuum). 
These findings are instrumental for the fabrication of high-quality BNNS via CVD and 
would spur studies on stacking order dependent properties and performances of BNNS.   
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Chapter 6  
 
Reactivity of Cu with the presence of BNNS: 
from the perspective of atomically thin 
passivation 
 
6.1 Introduction 
Metallic components are susceptible to various degrees of corrosions in different kinds 
of environment, thus shortening its expected service life and increasing the operation 
cost. The common route of preventing the corrosion is to apply a coating over the 
metallic surface, and generally polymer303,304 and metallic/ceramic305 coating are 
employed to protect the base metal. The coatings, however, are thick in order to 
achieve effective protection, and this can change the dimension, property, and esthetic 
view of the underlying components. Coating materials such as polymer will not 
withstand high temperatures and metals becomes unstable under harsh acidic 
conditions. 
 
For the next generation nanoelectronics, nanoscale coating is needed to accommodate 
the compact design. Two-dimensional (2D) materials that can be fabricated into atomic 
thin sheets as a coating over the substrate can be a great choice. Graphene has recently 
been considered for this purpose since it is robust and flexible, and the hexagonal 
honeycomb structure can effectively block any species, including helium.306 Mixed 
results, however, have been reported.307–312 Good short-term anti-corrosion was 
reported,307–309 but over time accelerated Cu oxidation and corrosion were observed in 
the presence of graphene compared to the bare Cu substrate.313,314 This acceleration is 
because highly conductive graphene assisting electrons transfer in the two-component 
galvanic cell between Cu and graphene, facilitating oxygen reduction and Cu oxidation 
around the defects in the long run.  
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h-BN could, therefore, be considered for protection due to its insulating nature258,315 
impermeability to small molecules (pore dia. 1.2 Å in the hexagon97), robustness and 
transparency.50 Moreover, it has an excellent chemical stability in most aquatic 
environments.93 Few-layered BNNS (7~8 nm thick, ~20 layers) has been reported to 
slow down the corrosion of underlying Cu substrate in a very diluted NaCl solution 
(0.1M) for a few minutes.245 BNNS has shown good oxidation resistance on Cu 
substrate at 500 °C for 30 mins (5 nm, i.e.~15 layers, BNNS grown on Ni substrate 
first and then transferred to Cu).92 Learned from the case of graphene which shows 
mixing results under various conditions, careful studies of protection by BNNS under 
different environments are necessary.  
 
This work reports systematic studies on the reactivity of Cu with the presence of BNNS 
in water, oxygen, and air. DFT calculations, XPS, EELS analysis, EIS, LPR, and AC-
SECM analyses were employed to study the reaction mechanism and to evaluate the 
practicality of using BNNS as an ultrathin passivation.  The efficacy of protection is 
found closely related to the quality of the BNNS, where domain boundaries and defects 
are detrimental. The oxidation of underlying Cu substrate towards water was 
accelerated with the presence of discontinuous BNNS while slow reaction was 
observed when Cu was nearly fully covered by BNNS. These findings indicate that 
the perfection of protection will be on how to remove the defects in BNNS by 
improving the synthesis or how to selectively patch up the defects if not avoidable in 
the synthesis.  
 
6.2 Results 
At first, the stability of the underlying Cu substrate fully coated by BNNS was studied 
in air, oxygen, and water. The BNNS grown on solid Cu surface at 1000 °C (details in 
the experimental section) was selected for this purpose. Figure 6.1a is a SEM image 
of BNNS on Cu substrate. Large numbers of multilayer islands (seen in white contrast) 
are found on top of the mono- to bi-layers of BNNS. The AFM height profile analysis 
(Figure 6.1b, c) from this sample transferred to the SiO2/Si substrate also confirms that 
the islands are sited on top of mono- to bi-layer BNNS.  
 
 
98 
 
 
Figure 6.1: (a) A SEM image of the completely covered solid Cu substrates by BNNS. 
(b) and (c) AFM height profile images of the transferred BNNS on 285 nm SiO2 coated 
Si substrates, grown on solid Cu substrates. Height profile analysis along the red line 
in (b) indicating that the thickness of the BNNS is 0.8 nm, while multilayered islands 
of BNNS are clearly seen on the top. ~1 nm thickness from AFM, often indicates the 
presence of monolayer due to water and contaminants trapped in between contributing 
to the increased height of the monolayer sheet219.  
 
Monolayered BNNS on top of Cu substrate is hard to distinguish under the optical 
microscope due to its poor white light absorbance (< 1.5%).250 Keeping the samples 
under UHV condition does not change any optical contrast (Figure 6.2a). If kept in air, 
however, only after 3 days, random red stripes and spots appeared on the BNNS coated 
substrates (Figure 6.2b), which seem to be associated with oxidized Cu.313,314 To 
understand the reason for much higher Cu oxidation in air in presence of BNNS 
coating, the samples were then kept in pure deionized water (oxygen in water was 
reduced by blowing nitrogen for few hours) and oxygen, the two active constituents of 
air that would react with Cu. Optical images were taken after 3 days. Under oxygen 
atmosphere, change to the contrast was negligible and the sample appeared similar to 
that kept under UHV (Figure 6.2a). Under water, dark red stripes were observed 
(Figure 6.2c), indicative of more oxidation of Cu. These results prove that with the 
presence of BNNS, Cu tends to react with water more and not so much with oxygen.  
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Figure 6.2: Oxidation of Cu surface in the presence of BNNS. When fully covered, 
(a) Cu surface experiences a negligible change in contrast when kept in oxygen or 
UHV; (b) Red spots and stripes show up after being kept in air for 3 days; (c) Dark red 
stripes were observed after being kept in water for 3 days. The Reddish region in the 
optical image is associated with oxidized Cu.  
 
To elucidate the formation mechanism of these red stripes, Cu substrate partially 
covered by BNNS (Figure 6.3a) was prepared and tested under similar conditions. For 
the air exposed sample (Figure 6.3b), Cu substrate underneath the triangular BNNS, 
now, clearly seems to oxidize more compared to the bare state. Red lines indicating 
relatively more oxidized positions are overlapping with the edges of BNNS triangles 
(indicated by the black arrows). Also, along the domain boundaries (indicated by blue 
arrow), more Cu oxidation have been observed.  
 
Figure 6.3: (a) A SEM image of Cu substrate partially covered by BNNS. Black 
regions are BNNS. (b) Optical image of the corresponding sample shown in (a), after 
3 days of air exposure. Black and blue arrows indicating more Cu oxidation along the 
edges and domain boundaries of BNNS, respectively. 
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Keeping the samples under oxygen for 3 days; again, no change in optical contrast was 
apparent when compared with the as-prepared (Figure 6.4a), further proving the 
relative stability of Cu under oxygen with the presence of BNNS. In contrast, the 
region below the BNNS in water appeared redder than the bare one (Figure 6.4b). 
Raman mapping analysis within 500 – 700 cm-1 wavelength range (Figure 6.4b) 
demonstrates the correlation between the oxides and the BNNS in terms of relative 
positions and appearance (triangle shapes) (Figure 6.4c). There are strong Raman 
bands from the coated regions (region 2) that are associated with Cu2O peaks, in 
contrast to featureless Raman spectrum collected from the bare (region 1). 
Additionally, more intense Cu oxide peaks (greenish and reddish regions in the Raman 
mapping) are observed directly below the BNNS multilayer islands, edges and domain 
boundaries (see also Figure 6.3b).289,316 Thus, the red stripes observed for the fully 
covered Cu (Figure 6.2b, c) are due to oxidation of Cu directly under the defects in the 
nanosheets.   
 
Figure 6.4: When partially covered, (a) Cu shows negligible change in contrast after 
being kept in oxygen/UHV; (b) strong oxidation of underlying Cu was observed after 
3 days in water exposure. (c) Raman mapping from the marked rectangular region in 
(b) reveals a close correlation between the oxidation and the BNNS, where more 
oxidation is seen underneath the BNNS. (d) XPS analysis reveals more oxidation of 
the BNNS coated Cu compared with bare Cu. 
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XPS spectra (Figure 6.4d) of a bare Cu substrate and fully coated one after 1-month 
air exposure reveal weak satellite peaks of Cu 2p3/2 and Cu 2p1/2, attributed to a thin 
layer of Cu2O.
317 From the peak deconvolution, small amounts of CuO/Cu(OH)2 were 
also identified in the BNNS coated sample.317 The Cu2+ compounds may form directly 
underneath the defects of BNNS where more intense Raman peaks were observed 
(Figure 6.4c). No Cu2+ peak was detected on the bare Cu sample under XPS analysis. 
These results corroborate that BNNS accelerates Cu oxidation.  
 
The partially grown BNNS on melted Cu substrate (the SEM image is shown in Figure 
6.5a) were also examined under the optical microscope after 3 days of air exposure. 
The sample shows similar phenomenon to that observed on solid Cu substrate: strong 
Cu oxidation underneath the BNNS are apparent (Figure 6.5b).  
 
Figure 6.5: (a) A SEM image of partially grown BNNS on melted Cu substrate. (b) 
Optical microscopy image of the sample after 3 days of air exposure. Strong Cu 
oxidation underneath the BNNS is clearly identifiable from the reddish contrast. Blank 
Cu substrate is seen in white contrast under the optical microscope.  
 
To understand why the oxidation of Cu directly underneath BNNS is accelerated in 
water, DFT calculations have been performed on adsorption and dissociation of water 
molecules on defect-free monolayer BN/Cu(111) and on OH-terminated zigzag edge 
BN to model reactions at the perimeter interface between a BNNS island and the 
Cu(111) surface. Higher density and faster growth of BNNS have been observed on 
Cu(111) than all other planes.302  
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Water dissociation on the metal surface can be considered as a stepwise process318–322:   
H2O + *  H2O
* ……...………………………………………………… (6.1) 
H2O
* 
 OH* + H* ……………………………………………………….. (6.2) 
OH*  O* + H* …………………………………………………………. (6.3) 
 
where the asterisk (*) denotes surface, and M* denotes adsorbed species M (M = H2O, 
OH, O, H). DFT calculations demonstrate that H2O* (Eq. 6.1) preferably adsorbs on 
top of Cu atoms on the Cu(111) surface and is oriented almost parallel to the surface, 
which are in a good agreement with the previous DFT results.320,321 The calculated 
adsorption energy of H2O on Cu(111), Ead(H2O) = E(H2O/Cu(111)) – E(Cu(111)) – 
E(H2O), is -0.35 eV. Here, E(H2O/Cu(111)), E(Cu(111)), and E(H2O) represents the 
energy of the water/surface system, the energy of the Cu(111) surface, and the energy 
of a free water molecule, respectively.  
 
Figure 6.6 demonstrates the overall change in energy upon water dissociation. The first 
H abstraction from H2O
* on the Cu(111) surface (Eq. 6.2) is an exothermic process, as 
shown by the black line. OH* and H* intermediates prefer to be separated at large 
distances due to repulsion: when OH* and H* on the Cu(111) surface are growing 
closer, the configuration becomes less stable. The last step of water dissociation on 
Cu(111), H abstraction from OH* (Eq. 6.3), is not favorable energetically, in 
comparison with the OH* + H* configuration. Thus, the calculations demonstrate that 
on a Cu(111) surface, water dissociation into OH* and H* species is the most favorable 
channel.  
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Figure 6.6: Energy diagram for H2O dissociation on Cu(111) surface (black line), on 
BNNS/Cu(111) (red line), between the BNNS and Cu(111) (blue line), and along the 
edges of OH-terminated BNNS (green line). 
 
For the BNNS/Cu(111) interface, the most stable configuration is that N atoms sit on 
top of Cu atoms with N–Cu distance of 2.94 Å, while B atoms are located on top of 
the face centered cubic (fcc) hollow sites, which agrees with the theoretical 
studies.174,269 Transition metal support can considerably modify the chemical 
properties of inert monolayer BN due to the mixing between metal-d and BN-p 
orbitals, and electron sharing at the BN-metal interface.174,256,269,323,324 DFT 
calculations show weaker interactions between a water molecule and the terrace of 
BN/Cu(111) compared to that with the pure Cu(111) surface. It has been found that 
H2O is physisorbed on the terrace of BN/Cu(111), and H abstraction from H2O
* and 
OH* is strongly energetically unfavorable (Figure 6.6, red line), because the relative 
energies of OH* + H* and O* and 2H* configurations are significantly positive in 
comparison with the free H2O. Intercalation of H2O between BNNS and Cu(111) is 
essentially endothermic and requires 1.5 eV (Figure 6.6, blue line). Once sandwiched 
between BNNS and Cu, H2O
* can dissociate into OH* and H* with the energy release 
of 1 eV. A pair of OH* and H* species underneath BNNS, however, is not energetically 
favorable in comparison to adsorption on the pure Cu(111) surface, mainly because of 
the large size of OH*. The instability of OH* underneath BNNS promotes further H 
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abstraction from OH* leading to the complete dissociation of H2O into O
* and 2H*. 
Such dissociation is clearly energetically favorable, with the final configuration being 
more stable than H2O dissociation on the pure Cu(111) surface, as can be seen from 
Figure 6.6. Optimized configurations of H2O
*, OH*, H*, and O* between BNNS and 
Cu(111) are shown in Figure 6.7. The stabilization of the final dissociation products 
underneath BNNS arises from the additional interaction of O* with the B atom on top 
of O*, together with Cu-O* interactions. Indeed, it is well known that atomic oxygen 
adsorbs preferably on fcc and hexagonal close packed (hcp) threefold hollow sites on 
Cu(111), with a small preference for the fcc site.325 In the case of the BN/Cu(111) 
system, B atoms are located on top of fcc hollow sites on Cu(111), and oxygen will 
interact simultaneously with Cu and B atoms of the BN layer. Such an effect can lead 
to an excess of highly reactive atomic oxygen on the Cu(111) surface underneath 
BNNS and therefore promotes oxidation of the Cu surface along with the mechanisms 
described for the pure Cu surface.326  
  (a)         (b) 
 
  (c)          (d) 
 
Figure 6.7: Optimized configurations of (a) H*, (b) H2O*, (c) O*, and (d) OH* 
between monolayer h-BN and Cu(111). B: blue; N: grey; O: red; H: electric blue (small 
sphere); Cu: celeste (large sphere).  
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There still exists a question as to how water can intercalate between BNNS and 
Cu(111). Intercalation of atoms or small molecules in between h-BN or graphene 
layers and metal supports has recently attracted intense interest254,327,328 because it 
opens up new exciting ways to tune chemical reactions329 and to regulate the coupling 
between the two-dimensional layers and the supports330. Such intercalation usually 
starts from the edges or defects of the cover layer. It was, therefore, investigated, how 
the edge of BNNS affects H2O intercalation, choosing an OH-terminated zigzag edge 
of BNNS on a Cu(111) surface as the model. This choice is stipulated by recent 
findings showing that OH-B terminated BNNS is the most stable among possible H, 
O, and OH terminations.331   
 
Figure 6.8: Optimized configurations of (a) H2O* (b), H* (c), OH* and (d) O*; 
adsorbed in the vicinity of an OH-terminated zigzag edge of BNNS on a Cu(111) 
surface. B: blue; N: grey; O: red; H: electric blue (small sphere); Cu: celeste (large 
sphere).  
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DFT calculations demonstrate that when H2O adsorbs on Cu atoms near the OH-
terminated zigzag edge of BNNS, the H2O molecular plane is nearly parallel to the 
surface (Figure 6.8a), and the adsorption energy is similar to the case of the pure 
Cu(111) surface. Upon the first H abstraction from water, H* adsorbs on the Cu(111) 
surface close to the BNNS edge (Figure 6.8b), while OH* bridges a surface Cu atom 
and an OH-terminated B atom at the edge (Figure 6.8c). The edge is consequently 
strongly distorted due to interaction with the additional OH* group. Such a 
configuration is more stable when compared to OH* adsorption on the pure Cu(111) 
(Figure 6.6), indicating that interaction with the OH-terminated zigzag edge of BNNS 
stabilizes the OH* intermediate. The second H abstraction from OH* results in the 
adsorption of H* on Cu(111) near the edge of BNNS, while O* is stabilized at the fcc 
hollow site on Cu(111) underneath the edge B atom (Figure 6.8d). This simulation 
demonstrates that water molecules preferably dissociate along the edge of BNNS on 
Cu(111), with H* atoms remaining on the Cu(111) surface while O* atoms adsorb on 
the Cu(111) surface underneath BNNS. Such an effect would lead to an excess of 
highly reactive atomic O* underneath BNNS, which consequently promotes Cu 
oxidation. The simulation results are reflected by the more pronounced oxidation 
observed along the edges (Figure 6.3b and Figure 6.4b). Note that Cu oxide/hydroxide 
was found in the XPS and Raman spectra, meaning that B and O do not form stable 
chemical bonds, rather intermediate bonds during the oxidation of Cu underneath 
BNNS.  
 
The simulated interaction between boron and oxygen makes it worthwhile to to see if 
h-BN itself is oxidized at the atomic scale. The XPS analysis of the B 1s and N 1s 
peaks of the BNNS on Cu after 6-month air exposure does not reveal any B-O or N-O 
peaks (Figure 6.9a, b). A 5-layer thick h-BN triangular pyramid is shown in an ADF-
STEM image (Figure 6.9c), and the layer numbers were identified from the intensity 
profile.238 Using EELS analysis, the presence of –B (OH) along BNNS edges can be 
identified.332 EELS mapping was thus carried out to examine the possible presence of 
B-O bonds in the marked regions (green rectangle in Figure 6.9c). The extracted 
average EELS spectra from the blue and red rectangular areas (Figure 6.9d and e 
respectively) did not indicate any O K-edge peak at 532 eV, both on the edges and in 
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the plane. XPS and EELS results indicate that B and O interaction is more in a 
transition state and does not form stable chemical bond.  
 
Figure 6.9: XPS analysis of (a) B 1s and (b) N 1s peaks of the BNNS on Cu after 6 
months of air exposure. B-O or N-O peaks are not detected from the peak 
deconvolution analyzes. (c) ADF-STEM image of the 5-layer h-BN triangular 
pyramid. The intensity profile indicates that the layer numbers is correlated with the 
ADF-STEM intensity. (d, e) EELS analysis of the red rectangle (along the edge) and 
blue rectangle (along the plane) in (c), respectively. No oxygen was detected in both 
places. 
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Mixed reports are available as to the efficacy of graphene as an ultrathin anti-corrosion 
layer.307,308,313,314,333 Some claim that the high electronic conductivity of graphene 
accelerate the Cu oxidation around the defects in the long run313,314, while it is 
suggested recently that the strong bonding between graphene and the substrate such as 
Ni and Co prevents the migration of active reactants and consequently prevents 
oxidation of the metal substrates, even with defects in graphene.333 It is demonstrated 
above that the partially coated Cu by BNNS experienced enhanced reactivity along 
domain boundaries and defects while fully covered Cu shows only spotty oxidization. 
The kinetics of Cu oxidation slows down significantly after around one week in air 
(Figure 6.10). Under similar conditions, the degree of Cu oxidation with the presence 
of BNNS is much less severe compared with that of graphene,313,314 judged by the 
optical color contrast. Also, the insulating nature of BNNS is expected to protect the 
strongly bounded materials more efficiently than graphene. This means that protection 
of Cu could be achieved through developing high-quality BNNS that features large 
domains and limited defects. Acknowledging the importance of ultrathin coating, the 
performance of ultrathin BNNS coatings towards anticorrosion application has been 
investigated and the results are compared with the bare Cu substrates in 0.5 M NaCl 
solution.  
 
Figure 6.10: Optical microscopy image of fully coated solid Cu substrate with BNNS, 
(a) after 1 day (b) after 1 week and (c) 1 year of air aging. The degree of Cu oxidation 
can be correlated from the optical contrast variation313,314 (dark red for heavily 
oxidized Cu surface). The optical contrast variations indicate that the Cu oxidation in 
the presence of BNNS slowed down significantly after 1 week. It is assumed that after 
the formation of initial thin layer of copper oxide (favoured by B-O bonds, as discussed 
in the DFT calculation section above), further oxidation is slowed down due to the 
retardation of electron transport by the insulating BNNS.  
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It is demonstrated that high quality of BNNS (several microns large domains, mostly 
1-2 layers) can be grown on melted Cu, in contrast to small, polycrystalline, and 
multiple-layered BNNS grown on the solid Cu.157 For the corrosion test, EIS analysis 
was first carried out on bare and BNNS coated Cu samples to determine the impedance 
(Figure 6.11). Optical microscopy, SEM, XPS and Raman analysis were performed 
before and after the EIS tests to analyze the integrity of the BNNS and chemical states 
of the sample surface.   
 
Figure 6.11: Comparison of EIS test results between the bare and BNNS coated Cu 
substrates: (a) Nyquist and (b) Bode plots, acquired by EIS in 0.5 M NaCl solution 
after 5 minutes of immersion. (c) Nyquist and (d) Bode plots after 1 hour immersion 
in 0.5 M NaCl solution. Impedance values are the highest for BNNS coated melted Cu 
substrate. Note that both the Nyquist and Bode plots are presented as acquired for a 
surface of area of 0.785 cm2 and repeated for at least 3 times on each sample to check 
reproducibility. 
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The impedance values are represented by the Nyquist and Bode plots (Figure 6.11a, 
b). The electrical equivalent circuit (EEC) presented in Figure 6.12 was found to 
provide an appropriate fit for the experimental data. The EIS tests demonstrate a 
considerable increase in impedance as the result of BNNS coating. Bare melted Cu 
shows relatively higher resistance to corrosion than the bare solid Cu, which can be 
attributed to the larger grain size and smoother surface (Figure 6.13), with lesser 
reactive Cu atoms exposed in comparison to the solid Cu.334 For the BNNS coated 
melted Cu substrate, the impedance value at low frequency (also known as DC limit 
impedance) is about one order of magnitude higher than that of the bare melted Cu 
substrate (Figure 6.11b). The impedance at lower frequencies (e.g. <0.1Hz) 
corresponds to the charge transfer in the defective domains of the surface layer (either 
through the native oxide film or the BNNS coating). This result is comparable to that 
of graphene coated Cu307,308, which means that hexagonal networks in both BNNS and 
graphene can effectively block the ion diffusion. The higher impedance in the BNNS 
coated melted Cu substrate in comparison to the solid Cu substrate is attributed to the 
high quality of BNNS.  
 
Figure 6.12: Electrical equivalent circuit used to fit the EIS data. 
 
After 1-hour immersion, the impedance of the bare (both solid and melted) Cu 
increased substantially compared with the BNNS coated Cu substrate (Figure 6.11c, 
d). This indicates the formation of thicker corrosion oxides on the bare Cu than on the 
coated, corroborating the protective BNNS over the Cu substrate. Moreover, the 
BNNS coated melted Cu experienced the least increase in impedance, indicating the 
best corrosion resistance associated with high quality of BNNS. Both the surface and 
charge transfer impedances at lower frequencies of BNNS treated/melted Cu specimen 
decreased after one-hour immersion in NaCl solution (compared to the result of 5 min 
immersion). This is likely due to adsorption of ions at the surface facilitating charge 
transfer process. Comparing Figure 6.11b and Figure 6.11d, the BNNS treated/melted 
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Cu specimen did not show a reduction in surface film impedance in the mid frequency 
domain (i.e. 0.1Hz<f<1Hz) which indicates chemical stability of the surface in saline 
media.  
 
Figure 6.13: Electron backscattered diffraction (EBSD) analysis of the (a) solid and 
(b) melted Cu substrates. Very large grains are seen on the melted Cu substrate. Inset 
(top right in b) is the EBSD map of a large area including the grain shown in b. The 
scale bars in the images are 500 μm. 
 
After the EIS tests (1 hour in 0.5 M NaCl solution), there is a dramatic change in the 
optical appearance compared with the samples before the EIS test (Figure 6.14a, b). 
Corrosion (reddish under optical microscope313,314) are seen all over the surface of the 
bare solid (Figure 6.14c) and melted Cu (Figure 6.14d), in contrast to isolated regions 
on BNNS coated solid Cu (Figure 6.14e) and only a few small spots on BNNS coated 
melted Cu surface (Figure 6.14f).   
 
Figure 6.14: (a-f) Optical micrograph images of the bare and BNNS coated Cu 
substrates before and after the EIS tests. The BNNS coated melted Cu is found to be 
the least corroded after the EIS test. Scale bar is 100 μm. 
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SEM images, before and after one hour immersed EIS tested samples are shown in 
Figure 6.15. After the test, the bare Cu samples are found corroded all over the surface 
(Figure 6.15b). Numerous pits are found on the bare substrates, indicating the Cl- ions 
penetrating into the substrates.335,336 Cu (I and II) oxide308 deposits have been found 
mostly along the rolled directions in the bare and BNNS coated solid Cu substrates 
(Figure 6.15b, d). Although, the multilayer BNNS islands on the solid Cu substrate157 
(Inset of Figure 6.15c), are expected to protect the underlying Cu substrate more 
effectively than the monolayer regions; interestingly, large numbers of pits have been 
found on top of those BNNS islands while isolated pits are detected on the monolayer 
regions (inset of Figure 6.15d). The appearance of large numbers of pits on top of the 
BNNS islands indicates the triangles as defective spots for corrosion to proceed. SAED 
pattern (shown in the inset of Figure 6.15d) obtained from a single BNNS triangular 
pyramid, however, shows only one set of distinctive six-fold hexagonal symmetrical 
pattern, the signature for single crystalline BNNS. Therefore, the only defect which 
can present in the BNNS islands is the vacancy defect. During the synthesis step, 
BNNS islands were found preferentially along the high energy ridges and rough areas 
on the Cu surface.157 Some imperfections, thus, might arise during the formation of 
the multilayer islands. Indeed, central hole on some of the as-synthesized BNNS 
islands is detected under high magnification SEM analysis (Figure 6.16). The exact 
mechanism of the pit formation in the multilayer islands, however, requires further 
analysis and is beyond the scope of this work.   
 
On the BNNS coated melted Cu substrate, the morphology of the nanosheet is seen 
mostly unaltered after the EIS test (Figure 6.15e, f). Pits, whose are likely formed along 
the nanosheet defects, are detected only in isolated regions. Due to the largely 
unchanged surface morphology of the sample, the Cl- ion penetration is presumed to 
occur along the cracks and defects of the nanosheet307,311, which are less on the melted 
substrate compared to the BNNS on the solid Cu.  
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Figure 6.15: SEM images of (a) bare solid and (b) bare melted Cu substrates, and (c-
f) BNNS coated Cu substrates before and after the EIS test. (c) and (e) are the SEM 
images of BNNS coated solid and melted Cu substrates respectively. Cu oxide layers 
and pits are visible after the test, on solid and melted Cu substrate (b). Large pits 
associated with the corrosion products are highly visible for BNNS coated solid Cu 
(d), while pitting is hardly visible for BNNS coated melted Cu (f). Inset of (c) is a high 
magnification image of a four-layered tetrahedral shaped BNNS island. SAED pattern 
obtained from this BNNS tetrahedron identifies it as single crystalline (inset of (c)). 
However, after corrosion, large numbers of pits are detected on these multilayer 
tetrahedrons (inset of (d)). Scale bars in blue and green correspond to 5 and 1 μm 
respectively.  
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Figure 6.16: (a) A five-layered triangular h-BN pyramid and (b) two inverted 
triangles, imaged under the SEM mode inside TEM at 80 kV. Small holes in the center 
of the pyramids are apparent in both images, which formed during the growth.  
 
XPS analysis on the EIS tested samples was carried out to analyze the corrosion 
products. Strong Cu 2p3/2 and Cu 2p1/2 satellite peaks (Figure 6.17a) confirm the 
presence of Cu2+ compounds [CuO or Cu(OH)2] on the bare Cu.
317 The ratio between 
integrated peak areas associated with CuO/Cu(OH)2 and Cu/Cu2O indicates the degree 
of oxidation. The BNNS coated solid and melted Cu have clearly suffered less 
corrosion, as evidenced by the weak satellite peak of Cu 2p1/2 and Cu 2p3/2 peak (Figure 
6.17a). A similar trend from the Cl 2p peak analysis (Figure 6.17b) has been observed, 
where the integrated peak area of the Cl 2p peak for the BNNS coated melted Cu 
substrate is the smallest among all samples.  
 
Figure 6.17: XPS analysis of (a) Cu 2p peaks and (b) Cl 2p peaks indicates that BNNS 
coated melted Cu suffers the least corrosion.  
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Further Raman analysis confirms less oxidation on the BNNS coated Cu samples 
(Figure 6.18).313 The intense peaks at 531 and 614 cm-1, small peaks at 338 and 414 
cm-1 and other peaks appearing at higher wavenumbers suggest that bare Cu surface 
underwent Cu(OH)2 or CuO formations, corroborating the XPS results.
289,313 For the 
BNNS coated sample, weak Cu oxidation peaks were detected on the solid Cu while 
they are nearly invisible for the melted Cu.   
 
Figure 6.18: Optical images of (a) bare solid, (b) bare melted Cu sample before the 
EIS test, (c) bare solid, (f) bare melted Cu, (e) BNNS coated solid, and (f) BNNS 
melted Cu after the EIS test. (g) Raman spectra from the circled regions in (a-f). Bare 
Cu samples are seen heavily oxidized while the BNNS coated melted Cu sample 
suffered the least oxidation. Scale bar is 10μm.    
 
In addition to the anti-corrosion study in 0.5 M NaCl solution, the short and long-term 
stability of the BNNS coated Cu substrates at 200 °C in air was examined. For this 
purpose, partially BNNS coated solid and melted Cu substrates (details in the 
experimental section) were prepared to examine the anti-oxidation behavior of Cu in 
the presence of BNNS (Figure 6.19). Initially, oxidized the BNNS coated Cu substrates 
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were oxidized at 200 °C in air for 10 minutes. BNNS can indeed protect the underlying 
Cu substrates from air oxidation within this short time (Figure 6.19a, b), as was 
reported in the previous studies.91,92,245 The reddest spot in the optical image of Figure 
6.19a is correlated with the strongest oxidation. A Raman mapping taken within the 
500-700 cm-1 wavelength range from the marked dashed rectangular region (Figure 
6.19a) shows the distribution of oxides (Figure 6.19b). The Raman spectra collected 
from the highlighted regions in Figure 6.19a indicate weak Cu2O formation (331, 525 
and 620 cm-1) on top of the BNNS while the bare Cu substrate has suffered a severe 
oxidation (high Raman oxidation peak intensities). To examine the efficiency of 
BNNS protection on Cu for a long term, the BNNS coated samples was kept at 200 °C 
in air for 10 days and analyzed the substrates under the optical and Raman microscopy 
(Figure 6.19c-d). The  BNNS coated regions turned grayish, which is associated with 
the presence of CuO (282, 334, 602 cm-1)316. The bare Cu regions turned greenish 
(Figure 6.19c), which is due to the presence of Cu2(CO3)(OH)2, Cu(OH)2NO2, or other 
complex Cu oxides and hydroxide313,337.The course of reaction in the BNNS coated 
and uncoated Cu substrates over the long term oxidation, therefore, seems different. 
The molecules from the atmosphere, such as water, carbon dioxide, nitrogen dioxide, 
sulfur dioxide etc. cannot interact with the underlying Cu substrate in the presence of 
BNNS while those are readily available to react with the bare Cu substrate. Raman 
mapping (collected at 450-700 cm-1 range from the marked square region in Figure 
6.19c) clearly shows that the heavily oxidized regions are the uncovered Cu (Figure 
6.19d). BNNS thus can protect the underlying substrate for a short term. In the long 
run, oxygen ion migration occurs along the BNNS edges and defects and gradually the 
whole Cu surface underneath the BNNS is oxidized.      
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Figure 6.19: Oxidation of Cu substrates partially covered by BNNS at 200 °C in air 
for 10 minutes and 10 days. (a) After 10 min, BNNS coated and bare Cu regions are 
observed as whitish and red regions, respectively, in the optical image. (b) Raman 
mapping of the marked area in (a) taken in the range of 450-700 cm-1. Images marked 
with 1 and 2 represents the Raman spectra from the circled areas of (a). (c) Optical 
image of the sample after 10 days. Grayish areas are BNNS covered and the greenish 
regions are uncovered. (d) Raman mapping from the marked rectangular region in (c) 
taken in the range of 450-700 cm-1. (3) and (4) represents the Raman spectra from the 
highlighted regions in (c). BNNS can protect the Cu substrate for a short term. In the 
long run, oxygen ion migration occurs along the BNNS edges and defects and 
gradually the whole Cu surface underneath the BNNS is oxidized. 
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LPR is a common non-destructive electrochemical technique to determine the 
corrosion resistance. The resistance, derived from the inverse of the slope of the 
potential vs current curves determines the corrosion rate of the samples. The smaller 
slope values reflect higher resistance in the BNNS coated Cu (almost double that of 
the bare Cu substrate). Currents generated from the BNNS coated Cu are lower than 
the bare Cu at the same potential (Figure 6.20), which indicates a good protection by 
BNNS.  
 
Figure 6.20: Linear polarization resistance (LPR) curves of the bare and BNNS coated 
Cu substrates (collected on an area of 0.785 cm2). Resistance to corrosion was 
determined from the inverse slope value of the trendline of each curve. The BNNS 
coating has doubled the charge transfer resistance.  
 
Being insulated, BNNS could prevent the formation of galvanic cells and thus slow 
down the corrosion. To acquire local information regarding insulating and/or electro-
activity of the 1~2 layered BNNS, AC-SECM technique was resorted (methods are in 
the experimental section). Normalized AC approach curves (Impedance vs. tip-
substrate separation distance curves, with the tip approaching the surface) of the 
surface of the bare and BNNS coated Cu samples are presented in Figure 6.21a, b. A 
negative feedback, i.e., decreasing normalized impedance as the ultra-micro-electrode 
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(UME) tip (dia. 25 μm) approached the Cu surface, was observed for the bare solid 
and melted Cu at the entire frequency spectrum, i.e. 1 kHz to 100 kHz (Figure 6.21a). 
This indicates electrically conducting characteristic of the surface. In contrast, a 
positive feedback was found for the BNNS coated samples (Figure 6.21b) at low 
frequencies (i.e. f < 8 kHz), while negative feedback was observed at high-frequency 
domains (i.e. f > 15 kHz). The AC response at low frequencies is more sensitive toward 
surface properties (insulating or conducting), whereas at high frequency the local ionic 
strength of electrolyte dominates the response. Multiple AC-SECM tests at various 
locations yielded similar data, confirming that mono- to few-layers BNNS can 
effectively insulate the conducting Cu surface.  
 
Figure 6.21: Normalized AC-SECM approach curves from 1 kHz to 100 kHz in 1 mM 
NaCl solution, obtained using a Pt microelectrode with 25 μm diameter. (a) bare solid 
and melted Cu (inset), and (b) BNNS coated solid and melted Cu substrates (inset), 
respectively. The positive feedback indicates the insulating nature of the BNNS 
coating.  
 
These LPR and AC-SECM results indicate that BNNS could be a candidate for 
protection in seawater like environment. The intrinsic insulating nature of BNNS 
makes the formation of the galvanic cells impossible, and the hexagonal network is 
impermeable to small ions and thus difficult for charge transfer to occur, both of which 
slow down the corrosion reaction. Thickness in relation to corrosion is much less 
important compared with the quality of the BNNS, where defects and domain 
boundaries in the nanosheet appear to be detrimental. BNNS grown on melted Cu is 
of predominantly mono- or bi-layers with large domains (so fewer domain boundaries) 
 
120 
 
and very smooth surfaces (less in-plane defects)157, and it therefore effectively protect 
the underlying Cu substrate.  
  
6.3 Conclusion 
The reactivity of Cu substrate coated by few-layered BNNS towards water, oxygen 
and air has been studied from the perspective of ultrathin passivation. Compared with 
the exposed section, Cu that is underneath BNNS shows an accelerated reaction 
towards water. DFT calculations indicate that dissociation of H2O into O* and 2H* is 
most energetically favorable along the BNNS boundaries, and the interactions between 
O* and B lead to accumulation of O atoms between BNNS and Cu, which accelerates 
the formation of Cu oxide/hydroxide. Being chemically inert and thermally stable, 
BNNS could be a great candidate for atomically thin protective coating. 
Experimentally, the quality of the nanosheet rather than thickness has proven to be the 
critical factor for protection. BNNS coating can dramatically change the oxidation 
pathways of Cu when heated at 200 °C for up to 10 days, proving strong resistance to 
oxidation. The defects in BNNS allow air to diffuse through the coating and then 
oxidize the underlying Cu gradually. Mono- and bi-layered BNNS grown on melted 
Cu with larger domains and lesser defects has shown outstanding anti-corrosion 
resistance in 0.5 M NaCl solution than the multilayer BNNS grown on solid Cu. The 
challenge is to how to eliminate the defects in BNNS so the contact between the 
corrosion reagent and the underlying substrate is removed. One immediate solution 
could be patching up the defects as using inert atomic layer coatings as in the case of 
graphene.311 For the long-term solution, it could be necessary to grow high-quality 
BNNS with large grain size and minimized defects. Achievements in this regard will 
also benefit the exploration of graphene-based electronics where BNNS has been 
found to be the best substrate.19 
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Chapter 7  
 
Conclusion and future outlook 
7.1 Summary 
The main focus of this dissertation is to grow high-quality BNNS that is free from 
impurities and defects, and features large domains and homogeneity. A detailed 
characterization study has been conducted to analyse the quality of the BNNS. The 
stability of BNNS in air and its potential as an anti-corrosion protective layer on Cu 
substrate have been also reported in this dissertation. The major findings from this 
work can be summarized in the following sections.  
 
7.1.1 Growth of large and homogenous BNNS 
Cu substrates, both solid and melted, are used for the growth of BNNS. The samples 
grown on these two substrates were analysed by optical, AFM, XPS, Raman, SEM and 
TEM techniques to confirm the quality of the BNNS. The rolling-induced defects and 
grain boundaries on the solid Cu surface are found to lead to the formation of 
multilayer island-like growth of BNNS on those sites. Thus, inhomogenous growth 
with nanocrystalline domains of BNNS is observed on top of the solid Cu substrate. 
By carrying out the BNNS growth on melted Cu substrate, the imperfections that are 
observed on the solid Cu substrate can be eliminated, which consequently leads to the 
formation of homogeneous (1-2 layers) BNNS with large domains (more than 4.25 μm 
× 2.4 μm).  
 
7.1.2 Crack- and carbon-free growth of BNNS 
Although higher quality BNNS can be grown on melted Cu substrate when  compared 
with solid Cu substrate, micron sized cracks are detected in the nanosheet after the 
growth on melted Cu substrate. This is due to the elliptical shape of the Cu substrate, 
which generates a large temperature gradient from the edge towards the center during 
cooling, and consequently, creates high tensile stress for the as-grown BNNS. By 
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flattening Cu and W foils and slowly cooling near the Cu melting point, these large 
cracks can be avoided. In addition to the large cracks, large numbers of nanosized 
cracks are seen all over the nanosheet. SiOx nanoparticles (generated from the quartz 
tube) have been detected inside all of these nanosized cracks, which possibly etched 
the nanosheet. The formation of these cracks has been largely eliminated by carrying 
out the growth inside two alumina boats, but leaving a small aperture to give access to 
borazine gas.   
 
In many of the experiments, micron-sized graphite-like particles are observed on top 
of BNNS. The residual solvents from ammonia borane are likely to be responsible for 
the generation of these graphite-like particles. Using pentane treated ammonia borane 
followed by ultra-high vacuuming for several days can produce carbon-free growth of 
BNNS.  
 
7.1.3 Observation of unusual stacking in BNNS 
h-BN is generally considered to be AA´ stacked, where the boron atoms sit on top of 
nitrogen atoms and vice versa in the succeeding layers. Theoretical studies, however, 
confirm that AB stacking (similar to graphite) is also energetically favorable. Using 
the HAADF-STEM imaging technique, several types of stacking orders have been 
found in the CVD grown BNNS, such as AB, ABA, AC´, and AC´B. Among these, 
AC´ stacking was considered to be highly unstable according to the theoretical 
calculations. These findings could be useful for perfecting the CVD growth of large 
and uniform BNNS. The interesting stacking orders would spur research interest in 
how to control the stacking structure, its impact on the properties of BNNS, and on 
nanoelectronics where BNNS is used as a key component. 
 
7.1.4 EELS assisted thickness analysis  
A new way to identify monolayer BNNS from 2+ layers by the EELS near edge fine 
structure analysis of the N K-edge, was also developed. This is useful, since 
identification of monolayer BNNS from its bulk counterpart is often a tedious job 
under conventional TEM analysis. For the monolayer BNNS, the third peak in the N 
K-edge is always found to be absent. Since the third peak (anti-bonding interactions 
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within N 2s to B 2pxy orbitals) appears from the interaction of subsequent layers, its 
absence is indicative of monolayer BNNS. Once the monolayer is identified, the 
successive layers can be determined from the quantitative EELS analysis of extracted 
core-loss edge intensities.  
 
7.1.5 BNNS as an ultrathin passivation layer on Cu substrate 
BNNS is a large-band-gap insulator, stable at high temperature, and is generally 
considered inert in most aqueous environments, which makes it a promising candidate 
for a passivation layer. Contrary to intuition, however, BNNS was found to catalyze 
the oxidation of the underlying Cu substrate. Systematic studies that involved keeping 
the BNNS coated Cu substrate in air, oxygen, and water environments proved that 
water is responsible for the accelerated Cu oxidation in the presence of BNNS. DFT 
calculations suggest that the boron atoms give additional stability to the oxygen atoms 
underneath the nanosheet. Oxygen can diffuse along the defects and edges of the 
nanosheet, and consequently, oxidize the underlying Cu substrate. Therefore, the 
growth of large crystalline BNNS is essential for the effective protection of the 
underlying Cu substrate. The electrochemical tests in 0.5M NaCl (close to seawater 
concentration) of the BNNS grown on melted Cu show that it has outstanding anti-
corrosion resistance, much higher than the multilayer BNNS grown on solid Cu. This 
has been attributed to the large domains and fewer defects in the BNNS grown on 
melted Cu substrate.  
 
7.2 Suggestions for future work 
7.2.1 BNNS growth 
The CVD growth of BNNS should be carried out inside alumina tubes to avoid SiOx 
nanoparticles, which has been found to etch the nanosheet. The cooling rate through 
the Cu melting point temperature should be optimized to avoid cracks in the BNNS. 
 
As ammonia borane gives off a large volume of borazine in a sudden decomposition, 
the control of precursor gas flow is often difficult. Controlled flow of borazine using 
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a mass flow controller is recommended. Use of an alternative source of precursor can 
be another option.  
 
In this study, Cu substrate was used for the growth of BNNS, where melted Cu was 
shown to be beneficial for the high-quality growth. Other transition metal substrates, 
such as Ag, Au, and non-transition-metal substrates, such as Zn and Ge can be used as 
substrates in their melted condition. Although, the growth of BNNS is found better on 
melted Cu than on solid Cu substrate, the exact growth mechanism of BNNS on melted 
Cu substrate is still unclear. Future work thus needs to be focused on unravelling the 
mechanism of BNNS grown on liquid metal surface through experimental and detailed 
theoretical analysis, which should aid in growing large and homogeneous BNNS.  
 
Transferring the BNNS onto SiO2/Si wafer, glass, or polymeric substrates often leaves 
polymeric residues and generates defects and cracks in the nanosheet, which lower the 
overall performance of the nanosheet. Further research is needed to directly grow 
BNNS on those substrates. Alternatively, polymer-free and less destructive transfer 
methods need to be established for the potential use of BNNS in graphene-based 
nanoelectronics.  
 
7.2.2 Origin of h-BN stacking orders and their characterization  
More work needs to be carried out to understand the exact origin of various h-BN 
stacking orders. Growing BNNS on other substrates such as Ni and Pt, and comparing 
the stacking order with that grown on Cu may help to explain the impact of substrates 
on various stacking orientations. HAADF-STEM analysis, combined with SEM and 
EBSD results, may help to clarify the impact of substrate grain orientation on the 
stacking order. 
 
In addition, EELS spectra of BNNS with different stacking orders can be collected to 
find out their correlation. A similar database can be prepared to establish the 
relationship between stacking orders and Raman, XPS, UV-vis spectrum, etc. The 
stacking-order-dependent optical and electronic properties can also be determined if 
the control and exact orientation of the BNNS are achieved.  
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